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ABSTRACT 


A  LIQUID  CHROMATOGRAPH  DETECTOR  FOR  TRANSITION  AND 
RARE-EARTH  METAL  IONS  BASED  ON  A  CUPRIC  ION-SELECTIVE  ELECTRODE 

by 

R.  Cameron  Dorey 

A  potentiometric  detector  sensitive  to  many  transition  and  rare 
earth  metal  ions  has  been  developed,  using  a  cupric  ion-selective  elec¬ 
trode.  The  sample  stream  is  mixed  with  a  stream  of  copper (II) -ethylene- 
diaminetetraacetic  acid  complex  (CuEDTA) ,  and  metal  ions  in  the  eluent 
displace  copper(II)  from  the  complex.  The  increase  in  free  copper(II) 
is  then  measured  by  the  electrode.  V  '  :  _  -  ' 

-A 

Background  copper (II)  level  in  the  CuEDTA  stream  sets  the  lower 
limit  of  detection  of  metal  ions  at  approximately  3x10  ^  M,  and  the 
detector  response  characteristics  require  that  approximately  500yL  flow 
through  the  detector  to  reach  steady-state  response.  This  establishes 
a  detection  limit  of  1.5x10  ^  mole  metal  ion.  Theoretical  response  of 

|(  L,  >  -  ~  *'  •  -  ‘ 

the  detector  has  been  developed  and  the  experimental  values  agree 

closely  with  theory  for  specific  metals  over  the  range;  3x10  ^  M  to 

\ 

-2 

10  M  metal  ion. 

Both  transient  and  steady-state  response  of  the  detector  to  metal 
ions  and  some  common  anions,  including  halide  ions,  is  shown,  and  the 
advantages  and  limitations  of  the  system  are  discussed. 
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I.  Introduction 


A.  Overview 

In  this  report  we  describe  a  detector  for  transition  and  rare  earth 
metal  ions  which  is  applicable  to  high  performance  liquid  chromatogra¬ 
phy.  The  detector  is  in  essence  a  post-column  derivitization  flow 

system  which  incorporates  a  chemical  reaction  system  and  an  ion-selec- 

2+ 

tive  potentiometric  cell  to  monitor  a  product  (Cu  )  of  the  reaction. 

A  block  diagram  of  the  detector  scheme  is  shown  in  Figure  1. 

The  chemical  basis  of  the  detector  involves  the  competition  between 

two  metal  ions  for  a  fixed  amount  of  liand  which  is  assumed  to  form  1:1 

complexes  with  both  cations.  Specif ically ,  the  copper (Il)-ethylene- 

2- 

diaminetetraacetate  (CuEDTA  )  ion  is  in  the  reactant  solution  used  in 

this  work,  and  a  metal  ion  Mn+  is  introduced  in  the  effluent  from  a 

chromatographic  column.  In  its  simplest  form,  reaction  then  proceeds 

Mn+  +  CuEDTA2-  t  MEDIA ('4-n^~+  Cu2+  (1) 

After  the  combined  stream  passes  through  a  delay  coil  to  allow  the 

2+ 

reaction  to  achieve  equilibrium,  the  liberated  Cu  is  measured  with  a 
flow-through  cupric  ion-selective  electrode  in  a  three-electrode  poten¬ 
tiometric  cell.  Finally,  the  potentiometric  readings  are  translated 
2+ 

into  units  of  Cu  concentration  with  an  electronic  antilogarithmic 

2+ 

transducer.  The  concentration  of  Cu  at  the  electrode  can  then  be 
related  to  the  original  concentration  of  iin+  through  equilibrium  calcu¬ 
lations  concerning  the  specific  metal  ion. 


1 


2 


Figure  1.  Block  Diagram  of  the  Metal  Ion  Detector. 


A.  Typically  0.01  M  CuEDTA  in  0.1  M  KNCL,  pH  adjusted  bo  4.0,  at  25°  C, 
pimped  at  1.0  mL/min. 

B.  Typically  2.0  m  of  0.5nm  I.D.  Teflon  tubing  in  75°  C  water  bath  plus 
0.25  m  of  0.5nm  I.D.-  Teflon  tubing  in  room  temperature  (no  external 
control)  water  bath. 

C.  Comprised  of  a  flow-through  cupric  ion-selective  electrode,  satur¬ 
ated  calomel  reference  electrode  isolated  by  a  "Thirsty  Glass" 
(porous  Vycor)  plug,  and  stainless  steel  hypodermic  needle  comnon 
electrode. 

D.  Dual  high  inpedance  input  differential  electrometer. 

E.  Antilogarithmic  circuit. 
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This  chemical  system  is  not  the  only  one  applicable  to  the  problem, 
but  there  were  five  main  reasons  for  its  choice  in  this  work.  First, 
the  cupric  ion-selective  electrode  is  inexpensive  and  simple  to  produce, 
without  elaborate  or  critical  procedure.  Second,  it  is  one  of  the  most- 
studied  ion-selective  electrodes  used,  so  there  is  a  large  volume  of 
literature  on  its  characteristics.  Third,  EDTA  complexes  strongly  with 
a  very  wide  spectrum  of  metal  ions,  making  many  ions  detectable  with 
this  system,  and  equilibrium  constants  for  its  reactions  with  metal 
ions  under  many  conditions  have  been  well  tabulated.  Fourth,  the 
exchange  reaction  in  Equation  1  is  rapid  enough  for  many  metal  ions  to 
be  useful  in  our  detector  system.  Fifth,  crystalline  H^CuEDTA  can  be 
prepared  easily  with  reproducible  stoichiometry,  and  has  very  good 
long-term  (months)  stability  in  the  solid  form. 

In  this  work,  we  will  show  the  theory  governing  the  detector 
response  in  general  terms,  so  that  other  metal-ligand  systems  can  be 
used  to  demonstrate  other  applications  of  the  principles  used  here. 
Construction  of  the  detector  components  and  materials  which  tee  made  is 
described,  and  the  experimental  dynamic  and  steady-state  response 
characteristics  to  metal  ions  and  several  anions  are  discussed  in 
detail. 

B.  Liquid  Chromatography  Metal  Ion  Detectors 

On-line  detectors  for  metal  ions  in  liquid  chromatography  have  been 
developed  mainly  in  the  past  few  years  with  the  advent  of  high  pressure 
(and  high  flow  rate)  chromatographic  systems.  With  traditional  gravity 
fed  ion-exchange  systems,  stationary  phase  (resin)  particle  are  usually 
larger  than  200  mesh  (75  ym  diameter)  to  allow  reasonable  flow  rates  to 
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be  attained  through  the  columns.  Mass  transfer  within  the  resin  par¬ 
ticles  is  very  slow,  so  in  many  cases,  solvents  are  chosen  which  will 
elute  (or  retain)  only  the  species  of  interest,  or  elute  the  individual 
species  very  slowly  with  large  eluent  volumes  between  the  peaks.  The 
resolution  of  a  detector  is  unimportant  under  these  circumstances  and 
fraction  collecting  can  be  employed. 

Alternatively,  the  flow  rate  of  the  eluting  solvent  can  be  reduced 
so  that  ionic  equilibrium  is  maintained  between  the  interior  and  exte¬ 
rior  of  the  resin.  Here,  the  time  required  to  analyze  eluent  fractions 
after  separation  can  be  very  small  compared  to  the  separation  time. 

Both  of  these  cases  minimize  the  need  for  real-time  analysis  of  the 
eluent . 

Ion-exchange  systems  are  being  developed,  however,  using  high-pres¬ 
sure  techniques  with  pellicular  and  microparticle  (~10  pm)  stationary 
phases.  For  example,  Takata  and  Fujita  (1)  have  obtained  near-baseline 
separation  of  six  transition  metal  ions  on  an  8-11  pm  cation  exchange 
resin  within  seven  minutes  at  a  flow  rate  of  1.22  mL/min.  This  separa¬ 
tion  used  less  than  10  mL  of  solvent,  and  required  a  fast  continuous 
coulometric  detector  to  prevent  severe  post-column  degradation  of  the 
resolution. 

Many  different  on-line  detectors  sensitive  to  more  than  one  metal 
ion  at  a  time  have  been  demonstrated  or  proposed.  These  can  be  broadly 
divided  into  three  types:  (I)  Passive  detectors,  (II)  Interactive 
detectors,  and  (III)  Reaction  detectors.  An  overview  of  these  detector 
designs  as  applied  to  metal  ions  as  well  as  detectors  relevant  to  metal 
ions  (although  not  demonstrated  for  them)  is  given  in  Table  I. 


Table  1.  Liquid  Chromatography  Metal  Ion  Detectors. 
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All  response  times,  limits  of  detection,  and  dead  volumes  given  in 
paper  referenced  unless  otherwise  noted. 

a.  Time  required  to  sweep  three  void  volumes  of  detector  at 
1  raL/min  flow  rate. 

b.  Estimated  from  data  given  in  reference. 

c.  From  reference  on  similar  detector,  but  not  concerned  with 
metal  ions. 

d.  Ref.  26. 

e.  Ref.  27. 

f.  Not  available  or  not  applicable. 

g.  Ref.  28. 


h.  Ref.  29. 
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Passive  detectors.  The  detectors  in  this  class  measure  a  property 
inherent  in  the  chromatographic  eluent.  They  do  not  alter  the  composi¬ 
tion  or  physical  characteristics  of  the  fluid  which  flows  through  them. 

The  primary  detector  of  this  type  measures  the  UV  absorption  of  the 
metal  ion  in  the  chromatographic  eluent,  usually  in  the  form  of  com¬ 
plexes  with  the  chemical  species  used  to  effect  elution.  Seymour  and 
Fritz  (2)  describe  a  high-speed  anion-exchange  separation  of  metal  ions 
in  6  M  HC1  with  UV  detection  at  225  tin  in  a  32  yL  quartz  flow  cell. 

From  data  given,  a  detection  limit  of  2  X  10  7  grams  of  Cu(II)  or  Pb(II) 
can  be  estimated  for  99%  transmittance. 

Obviously,  with  this  method  of  detection,  the  chromatographer  is 
restricted  to  elution  solvents  which  form  highly  absorbing  complexes 
with  the  ions  of  interest. 

Flow-through  radiation  detectors  have  also  been  employed  for  metal 
ions  (3) .  These  are  generally  used  to  qualitatively  follow  a  chromato¬ 
gram  with  tracer  ions,  since  only  the  transactinides  (with  a  few  excep¬ 
tions)  are  totally  radioactive.  The  added  tracers  cannot  indicate  the 
total  amounts  of  each  metal  ion  present,  so  fractions  must  be  collected 
for  quantitative  data. 

One  major  problem  with  radiation  detectors  concerns  the  principle 
upon  which  they  operate.  Statistically,  theoretical  error  bounds  can  be 
calculated  according  to  the  number  of  radioactive  disintegrations  which 
are  counted  from  a  sample,  whether  static  or  flowing.  The  magnitude  of 
this  error  decreases  as  the  number  of  counts  (disintegrations)  increases. 
Thus,  to  impro\ a  the  precision  of  counting  for  a  finite  size  sample  in 
a  flowing  stream,  it  has  to  remain  within  the  detector  confines  longer. 


With  a  specific  flow  rate,  this  is  accomplished  by  increasing  the 
detector  volume,  which  increases  the  width  of  the  minimum  detectable 
peak  (26).  This  tradeoff  of  precision  vs.  time  (or  in  this  case, 
apparent  peak  width)  is  common  to  all  methods  of  analysis  (30),  of 
which  radiation  monitoring  is  a  case. 

Flow-through  conductivity  cells  have  been  utilized  (3)  in  metal  ion 
detection,  but  ion-exchange  mobile  phases  are  generally  highly  conduc¬ 
tive,  for  example,  aqueous  HC1  (10).  This  severely  limits  the  sensi¬ 
tivity  of  this  technique,  since  the  conductivity  of  the  solution  would 
be  essentially  completely  determined  by  the  major  ions  in  solution. 
Sisson,  Mode,  and  Campbell  (3)  describe  conductometric  detection  of 
rare  earths  in  a-hydroxybutyric  acid,  a  weak  acid,  to  minimize  this 
problem. 

Interactive  detectors.  Detectors  of  this  type  either  measure  a 
physical  change  in  the  detector  itself  (through  interaction  of  the  ac¬ 
tive  component  of  the  detector  with  the  eluent) ,  or  the  detector 
changes  the  physical  or  chemical  characteristics  of  the  eluent  metal 
ions  during  the  measurement.  These  detectors  are  chromatographically 
more  versatile  than  passive  devices  in  general.  They  utilize  a  broader 
spectrum  of  analytical  methods  in  order  to  be  more  selective  or  more 
sensitive  to  the  ions  of  interest. 

Two  detectors  measure  interactions  of  ions  with  ion-exchange  mate¬ 
rials.  One,  by  Gilbert  and  Dobbs  (4),  measures  longitudinal  swelling  of 
an  ion-exchange  membrane.  The  detector's  active  components  consist  of 
a  cation-exchange  membrane  stretched  over  the  tip  of  a  linear  displace¬ 
ment  transducer.  This  assembly  extends  into  a  cup  into  which  the 


chromatographic  eluent  flows.  A  change  in  the  concentration  of  any  ion 
in  the  solution  in  contact  with  the  membrane  causes  it  to  shrink  or 
swell,  and  this  is  measured.  From  the  signal-to-noise  level  for  0.01 
M  metal  solutions,  we  estimate  a  lower  limit  of  detection  of  approxi¬ 
mately  10  ^  moles  of  divalent  cation.  The  detector  has  a  dead  volume 

-4 

of  approximately  0.5  mL,  so  this  corresponds  to  a  2  X  10  M  solution. 
The  peak  height  for  a  1.0  mL  sample  is  flow  rate  dependent,  since  only 
a  fraction  of  the  steady-state  response  is  reached  before  the  peak 
elutes  from  the  detector.  Gradient  elution  (e.g.,  with  HC1)  is  not 
feasible  because  the  detector  is  sensitive  to  a  change  in  concentration 
of  any  ionic  species. 

Warren  and  McKay  (6)  have  proposed  a  detector  for  metals  which 
senses  the  heat  of  adsorption  onto  an  ion-exchange  resin,  using  a  com¬ 
mercial  dual  thermistor  heat  of  adsorption  detector.  An  effective  dead 
volume  is  calculated  from  impulse  rise  times  at  64yL.  Under  optimum 

conditions,  the  lower  limit  of  detection  for  Zn(II)  .5  determined  to  be 

-5  3 

7  X  10  M  (S/N  =  2)  with  a  linear  range  of  10  .  No  separations  are 

shown  using  this  detector,  but  an  injection  of  metal  ion  produces  a 

complicated  response  consisting  of  a  sharp  peak  followed  by  a  broader, 

shallower  trough,  with  a  slow  final  return  to  baseline. 

A  number  of  groups  have  investigated  the  use  of  the  various  forms 
of  atomic  spectroscopy  in  flames  as  detector  systems  for  metal  ion 
separation.  Atomic  emission  has  been  used  by  Freed  (7)  for  the  detec¬ 
tion  of  various  metal  ions.  In  this  scheme,  the  effluent  of  the  ion- 
exchange  column  is  connected  directly  to  the  aspirator  inlet  of  a  home¬ 
made  flame  emission  spectrometer.  The  optics  can  be  configured  without 
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entrance  slits  to  detect  a  wider  wavelength  band  for  minimum  selectivi¬ 
ty  (50  nm  bandpass),  or  with  entrance  slits  to  reject  broadband  flame 
emission  to  achieve  lower  detection  limits  (0.8  nm  bandpass).  A  detec¬ 
tion  limit  is  given  for  sodium  ion  of  4  X  10  ^  M  with  a  linear  response 
-4 

to  4  X  10  M.  This  narrow  linear  range  would  cause  several  different 

dilutions  to  be  needed  if  species  of  widely  different  concentrations 

were  to  be  determined  in  a  sample. 

Araki,  Suzuki,  and  Yamada  (8)  have  described  a  transport  type 

detector  for  alkali  metals  and  alkaline  earths  based  on  the  principle 

of  the  gas  chromatographic  flame  ionization  detector.  The  system  uses 

a  modified  automatic  fraction  collector,  which  catches  each  drop  of 

eluent  on  a  platinum  wire  loop,  drives  off  the  solvent,  and  then  evapo- 
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rates  the  metal  salt  into  an  ionizing  flame.  A  detection  limit  of  10 

mole  of  applicable  metals  is  quoted,  but  the  linear  range  of  most  metals 
2 

is  only  10  ,  so  extreme  care  must  always  be  taken  to  prevent  contamina¬ 
tion  of  reagents  or  apparatus.  Samples  with  high  concentrations  of 
metal  must  be  greatly  diluted  before  introduction.  The  authors  note  a 
continual  baseline  drift  which  they  attribute  to  an  unspecified  contam¬ 
ination  of  the  system. 

Finally,  two  different  types  of  electrochemical  detectors  have 
been  used  for  metals.  Blaedel  and  Todd  (9)  describe  a  DC  polarographic 
detector  used  with  a  gravity-fed  column.  The  eluent  is  degassed  with 
^  and  debubbled  after  the  column  but  prior  to  entering  a  1  mL  flow¬ 
through  polarographic  cell.  The  response  time  of  this  system  is  very 
long  due  to  the  large  volume.  It  responds  to  within  10%  of  steady-state 
in  approximately  3.5  minutes  at  a  flow  rate  of  1  mb/minute.  The  system 


has  a  lower  limit  of  detection  of  approximately  10  ^  M  for  Cd(II) 
(defined  as  the  concentration  of  sample  required  to  give  twice  the 
background  current),  with  similar  limits  for  other  transition  metal 
ions.  Buchanon  and  Bacon  (10)  modified  this  approach  by  employing  d 
square-wave  polarograph  to  achieve  some  selectivity  in  the  case  of  in¬ 
complete  resolution  of  peaks,  and  to  eliminate  0^  interference.  In 
this  case,  bubbling  is  not  required.  The  cell  is  1.5  mL  in  volume, 
but  response  time  is  slightly  shorter  than  Blaedel  and  Todd's,  due  to  a 
vertical  flow  of  eluent,  with  the  inlet  in  close  proximity  to  the 
mercury  capillary. 

Several  other  amperometric  detectors  have  been  developed  for  liquid 
chromatography,  but  they  have  not  been  demonstrated  in  metal  ion  detec¬ 
tion.  Representatives  are  discussed  in  the  final  section  of  this 
review. 

Johnson  and  Larochelle  (11)  have  designed  a  coulometric  flow  cell 
for  electroactive  metal  ions.  It  consists  of  a  tubular  Pt  working 
electrode  filled  with  Pt  wire  to  increase  the  surface  area,  a  Pt  wire 
coil  counter  electrode,  and  a  saturated  calomel  reference  electrode. 

The  dead  volume  of  the  working  electrode  is  approximately  15  yL.  Oxi¬ 
dation  of  I  to  I 2  was  used  to  estimate  a  detection  limit  of  1.3  X  10 

—8  — 
moles  (2.5  X  10  MX  0.504  mL  injection  loop).  Also,  response  for  I 

is  linear  over  four  decades  of  concentration.  The  use  of  the  detector 

was  demonstrated  in  a  separation  of  Fe(III)  and  Cu(II).  25%  HBr  was 

used  in  the  eluent  to  stabilize  the  Cu(I)  formed. 

Reaction  Detectors.  These  react  the  species  of  interest  chemically 
with  another  substance  (either  mixed  with  the  eluent  from  a  separate 
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stream  or  immobilized  on  a  bed  through  which  the  eluent  passes)  before 

the  actual  detection  of  the  desired  components  of  the  eluent.  This 

type  is  the  most  versatile  of  the  three,  since  detection  depends 

minimally  on  the  chromatographic  conditions.  Reaction  detectors  in 

general  have  recently  been  reviewed  by  Frei  and  Scholten  (31).  One 

disadvantage  to  most  reaction  detectors  is  that  most  require  a  delay 

coil  before  the  detector  proper  to  allow  the  reaction  to  proceed. 

This  increases  the  observed  peak  broadening. 

Fritz  and  Story  (12)  use  spectrophotometry  after  a  dye  stream  is 

mixed  with  the  eluent  to  form  an  intensely  absorbing  metal-dye  complex. 

The  dyes  can  be  highly  buffered  to  compensate  for  any  extremes  of  pH  in 

the  eluent  stream.  The  metal-dye  complex  is  trong  enough  to  eliminate 

interferences  from  weak  complexes  in  the  eluent  (e.g.,  poly-chloro 

complexes).  However,  not  all  of  the  metal-dye  complexes  studied  have 

the  same  optimum  wavelength  for  detection,  so  a  compromise  wavelength 

must  be  found  between  sensitivity  and  generality  for  a  given  system. 

Recently  Arguello  and  Fritz  (13)  described  a  variant  of  this  system  for 

2+ 

metals  which  complex  weakly  with  the  color-forming  dyes,  such  as  Ca 
2+ 

and  Mg  .  The  eluent  is  mixed  with  two  streams:  (1)  dye,  and  (2) 

ZnEDTA.  Reaction  proceeds  to  form  the  Zn-dye  complex,  which  is  then 

2+  2+ 

monitored.  The  limits  of  detection  for  Ca  and  Mg  can  be  calculated 
at  approximately  2  X  10  ^  M  for  1%  absorbance  of  the  incident  light 
(0.004 A) . 

Neary,  Seitz,  and  Hercules  (14)  have  developed  a  detector  based  on 
metal  ion  catalysis  of  the  chemiluminesct  t  uminol-H^O^  reaction.  The 
chromatographic  eluent  is  mixed  with  an  alkaline  buffered  solution  of 
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luminal  and  in  a  100  yL  light-tight  stirred  cell.  The  total  light 

is  then  measured  by  a  photomultiplier.  This  detector  responds  linearly 
to  most  metal  ions  in  the  concentration  range  of  approximately  10  ^  to 
10  ^  m,  with  sensitivity  to  Co (II)  in  particular  two  orders  of  magni¬ 
tude  below  this.  Delumyea  and  Hartkopf  (15)  also  demonstrated  a  detec¬ 
tor  based  on  this  reaction  at  approximately  the  same  time,  and  they 
have  subsequently  shown  its  applicability  for  use  in  acidic  and  par¬ 
tially  nonaqueous  chromatographic  solvent  systems  (16)  (the  chemilumi¬ 
nescence  reaction  itself  proceeds  only  above  pH  10).  One  difficulty 
of  this  type  of  detection  is  that  the  top  of  the  linear  range  is  so  low 
that  great  care  has  to  be  taken  to  prevent  contamination  of  reagents  or 
apparatus  with  transition  metal  ions. 

Tanaka  and  Muto  (17)  report  a  coulometric  detection  system  after 
the  eluent  has  been  mixed  with  a  stream  of  mercury (II) -diethylenetri- 
aminepentaacetate  (DTPA)  complex.  Ligand  exchange  and  reduction  of 
the  Hg(II)  to  Hg°  occurs  in  the  coulometric  cell.  The  cell  is  a  two- 
electrode  system,  with  a  working  electrode  of  carbon  cloth,  and  an 
auxiliary  electrode  of  Ag/AgI  netting,  poised  in  a  flowing  stream  of 
0.5  M  KI.  Dead  volume  is  less  than  60  yL,  and  the  authors  state  a 
response  time  of  less  than  one  second.  The  limit  of  detection  is  given 
as  10  ^  mole  of  metal  ion,  which  is  high,  considering  the  cell  volume. 

The  last  detector  for  metal  ions  to  be  described  is  actually  a  com¬ 
plete  ion-exchange  chromatographic  system.  Called  "ion  chromatography" 
by  its  inventors  Small,  Stevens,  and  Bauman  (18),  the  scheme  first 
separates  metal  ions  on  a  strong  acid  cation-exchange  resin  with  HC1 
eluent,  and  then  replaces  the  anions  with  hydroxide  by  use  of  a  strong 


base  anion-exchanger.  Hydrogen  and  hydroxide  ions  combine  to  form 

water,  and  the  metal  ions  are  eluted  as  their  hydroxides.  Metals  are 

then  detected  conductometrically  in  a  very  low  conductance  background. 

Detection  limits  for  metals  are  not  given,  but  by  analogy  with  data 

-8  -9 

given  for  chloride  ion,  they  can  be  estimated  at  10  to  10  mole. 

The  system  has  one  major  drawback  -  no  metals  which  precipitate  as 
hydroxides  can  be  determined,  since  they  will  precipitate  within  the 
second  column. 

Related  Detectors.  Finally,  there  have  been  four  electrochemical 
chromatography  detectors  described  which  could  be  applicable  to  metal 
ions,  but  have  not  been  demonstrated  as  such. 

Shultz  and  Mathis  have  used  a  nitrate  ion-selective  electrode  to 
determine  anions  in  an  ion-exchange  column  eluent.  A  flow-through  cap 
is  fitted  onto  the  end  of  an  Orion  liquid  membrane  nitrate  electrode. 
They  use  the  non-specificity  of  the  electrode  to  determine  nitrite, 
phthalate,  and  perchlorate,  and  qualitatively  observe  amino  acids  and 
sulfonic  acid  anions.  A  lower  limit  of  detection  of  10  ^  mole  of 
nitrate  is  claimed,  with  linearity  over  three  orders  of  magnitude. 

Loscombe,  Cox,  and  Dalziel  (18)  expanded  the  utility  of  ion-selec¬ 
tive  electrode  detection  by  using  a  cupric  ion-selective  electrode  to 

detect  ar ino  acids  from  reverse-phase  and  ion-exchange  separations. 

-4 

They  combined  the  column  eluent  with  a  10  M  Cu(II)  stream.  The  amino 
acids  complex  Cu(II)  and  decrease  the  potential  of  a  flow-through  elec¬ 
trode  relative  to  the  background  without  amino  acids  to  complex  the  free 
Cu(II) .  At  low  amino  acid  concentrations,  potential  change  is  approxi¬ 
mately  proportional  to  concentration.  This  proportionality  rolls  off 
above  5  ug  amino  acid  injected. 
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Several  additional  types  of  amperometric  detectors  have  beer,  de¬ 
scribed.  Kissinger  (21)  uses  a  solid  platinum,  gold,  or  carbon 
electrode  in  a  thin-layer  cell,  with  reference  and  auxiliary  electrodes 

downstream.  The  total  working  volume  of  the  thin-layer  cell  is  less 

-14 

than  1  yL.  Kissinger  claims  a  lower  limit  of  detection  of  10 
equivalents  of  electroactive  substance  per  second,  assuming  no  noise 
from  the  background  solution.  One  drawback  of  this  (or  any  other 
amperometric  cell)  is  that  very  precise  flow  control  is  required  for 
quantitative  results. 

Fenn,  Siggia,  and  Curran  (22)  expanded  this  technique  for  reversi¬ 
bly  oxidized  and  reduced  substances  by  using  a  "catalytic"  four- 
electrode  cell  (two  working  electrodes)  to  oxidize  and  reduce  the  same 
molecule  several  times  before  it  leaves  the  working  electrode  region. 
This  type  of  system  puts  even  further  restraints  on  the  flow  stability 
of  the  eluent. 

Swartzfager  (23)  employs  pulse  and  differential  pulse  voltammetric 

techniques  with  a  carbon  paste  working  electrode  to  achieve  high  sensi- 
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tivity.  He  estimates  a  detection  limit  of  approximately  5  X  10  grams 

of  p-aminophenol  after  chromatographing  with  this  detector. 

Rabenstein  and  Saetre  (24)  use  a  static  mercury  working  electrode, 

in  which  a  channel  of  mercury  contacts  the  solution  from  underneath. 

Again,  auxiliary  and  reference  electrodes  are  placed  downstream.  The 

volume  in  contact  with  the  mercury  is  the  effective  dead  volume,  and 

this  is  estimated  at  less  than  0.5  yL.  Anodic  cleaning  pulses  are 

applied  between  runs  to  improve  reproducibility.  The  detector  has  been 

-9 

applied  mainly  to  sulfur-containing  compounds,  and  a  lower  limit  of  10 


grams  of  glutathione  is  quoted.  Princeton  Applied  Research  introduced 
a  polarographic  detector  in  1978  (25)  which  directs  the  eluent  upwards 
towards  a  mercury  drop  which  is  renewed  once  each  second.  The  dead 
volume  of  this  detector  is  less  than  1  pL,  creating  much  less  peak 
broadening  than  the  earlier  polarographic  detectors  (9,10). 

C.  Flow  Potentiometry  with  Ion-Selective  Electrodes 
1.  Introduction  -  Ideal  Ion-Selective  Electrodes 

Potentiometry  with  ion-selective  electrodes  is  a  common  method  used 
to  determine  the  activity  of  specific  ions  in  solution.  The  advantages 
of  such  electrodes  include  the  properties  that  they  are  selective  to 
one  or  a  few  ions  over  many  others,  and  that  they  are  responsive  to 
only  the  free  (uncomplexed)  form  of  the  ion  in  solution,  not  the  total 
concentration  of  that  ion.  Unfortunately,  however,  electrodes  can  only 
be  made  which  are  selective  to  certain  ions,  and  most  metals  cannot  be 
determined  directly  with  an  ion-selective  electrode.  Because  of  these 
characteristics,  many  methods  have  been  developed  for  the  determination 
of  ion  concentrations,  either  by  direct  potentiometry,  or  addition  of  a 
reagent  which  will  indirectly  set  the  level  of  a  sensed  ion  through 
reaction  with  the  analyte  (32). 

Ideally,  the  potential  of  a  cell  containing  an  ion-selective 
electrode  and  a  suitable  reference  electrode  is  proportional  to  the 
logarithm  of  the  activity  of  the  ion  sensed,  according  to  the  equation 


„  ,  2.303  RT  , 

E  =  Ek  +  ~~ nF -  log10ai 


where  E  is  the  cell  potential  in  volts,  RT/F  is  called  the  "Nernst 
factor,"  comprised  of  the  gas  constant  (R),  the  Faradav  (F)  and  the 
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absolute  temperature  (T,  degrees  Kelvin),  n  is  the  charge  (signed)  of 

o  * 

the  sensed  ion  and  a.  is  the  activity  of  the  sensed  ion  (33).  E  is  a 

i 

constant  term  according  to  the  measurement  made,  and 


E°  =  -E°  +  E  +  E° 
ref  j  i 


(3) 


where  is  the  standard  potential  of  the  reference  electrode 

(against  the  hydrogen  electrode),  E^  is  the  potential  due  to  any  liquid 

o 1  . 

junction  m  the  cell,  and  E  ^  is  the  pseudo-formal  potential  of  the 
ion-selective  electrode  (34).  The  coefficient  of  the  log  a^  term 
is  at  25°C,  but  in  real  functioning  electrodes,  this  value  can 

vary  by  several  percent  (35). 

If  this  equation  were  followed  exactly,  the  cell  would  have  an 
infinite  potential  in  solutions  where  ion  i  was  absent.  For  real 
electrodes,  however,  in  progressively  diluted  solutions  of  ion  i,  the 
cell  potential  approaches  a  limiting  value  (36),  set  by  processes  such 
as  dissolution  equilibrium  of  the  electrode  material  (37)  or  response 
to  another  ion  in  solution  (38).  Adherence  to  Equation  (2)  is  often 
observed  to  much  lower  activities  of  the  sensed  ion  when  metal  buffers 
(39,40,41)  or  anion  buffers  (42)  are  used.  These  have  a  high  total 
concentration  of  the  sensed  ion,  but  low  free  ion  activity. 

2.  Interferences 

No  electrode  is  truly  specific  for  one  ion  alone,  so  the  potential 
of  ion-selective  electrodes  is  given  by  a  modified  form  of  Equation  (2): 


E 


2.303  RT 
nF 


log 


10 


(4) 


where  K..  is  a  factor  ("selectivity  coefficient")  which  describes  the 

ij 


■ 


aaem 
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relative  influences  of  ions  i  and  j  on  the  potential  of  the  electrode, 

a.  is  the  activity  of  ion  j,  and  m  is  the  ratio  of  the  charge  on  ion  j 
J 

to  the  charge  on  ion  i  (43). 

For  the  precipitate-based  solid  state  electrodes  (the  cupric-ion 
electrode  belongs  to  this  class),  the  simplest  mechanism  of  interfer¬ 
ence  involves  precipitation  of  a  layer  of  the  interfering  ion  on  the 
surface  of  the  electrode,  according  to  the  reaction: 

MtS(s)  +  Mn  ^  MIIS(s)  +  Mj  (5) 


where  and  M  are  the  primary  and  interfering  ions,  respectively. 

If  the  individual  sulfides  have  solubility  products  K  ...  and  K  . , 

s(I)  8(11) 


3MII  ,  Ks(II) 
aMI  “  Ks(I) 


(6) 


The  potential  of  the  electrode  is  then  determined  by  the  activity  of 
Mjj  in  solution  (38). 

This  phenomenon  was  used  by  Jensen  (44)  to  produce  electrodes  for 

Cu(II),  Pb(II),  Cd(II)  ,  and  Zn(II)  from  a  silver  wire  electrode,  made 

from  a  silver  metal  electrode  on  which  Ag^S  was  electrolyzed.  When  the 

+ 

electrode  is  immersed  in  water,  a  small  amount  of  Ag  enters  solution. 

2+ 

If  divalent  metal  ions  (Me  )  are  added  to  the  solution,  the  metal 
sulfide  will  precipitate  when 


aMe2+ 


(7) 


MmSm 
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The  chemical  reaction  at  the  surface  is 


Me^  +  Ag^S(s)  r  MeS(s)  +  2Ag+ 


and  the  potential  of  the  electrode  is 


„  co  ,  RT  . 

E  "  E  Ag/Ag+  +  2F  ln 


s(Ag2S) 
Ks (MeS) 


RT 

+  2F  ln  -He2+ 


In  the  case  of  the  cupric-ion  electrode,  two  other  mechanisms  of 
interference  have  been  studied.  The  electrode  is  made  from  a  mixed 
silver/copper  sulfide  (as  will  be  discussed  later),  and  a  more  compli¬ 
cated  variant  of  the  solubility-determined  interference  occurs  when 
both  copper  (II)  and  chloride  ions  are  in  solution.  The  pertinent 
reaction  is: 


Ag2S(s)  +  Cu  +  2C1  ^CuS(s)  +  2AgCl (s) 


in  which  the  silver  sulfide  on  the  surface  is  converted  to  silver 
chloride  and  the  electrode  responds  to  chloride  instead  of  copper  (II). 
In  order  to  prevent  this  kind  of  interference,  the  following  relation 
must  hold  (33): 


2  s(Ag2S) 

ar,i(aci)  <  7k - K - VT  UD 

Cu  C1  (Ks(CuS)  Ks(AgCl  ))“ 

Interferences  caused  by  precipitation  of  a  second  crystalline 
lattice  on  the  surface  of  a  solid-state  electrode  can  be  rectified  by 
the  removal  of  the  interfering  layer,  either  physically,  by  sanding  the 
electrode,  or  chemically,  by  immersing  the  electrode  either  in  a  solu¬ 
tion  which  will  drive  the  reaction  causing  interference  far  to  the 
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reverse  (i.e.,  a  strong  solution  of  in  the  case  of  Equation  5,  or 
a  solution  which  will  dissolve  the  interfering  layer  from  the  surface 
(i.e.,  concentrated  ammonia  in  the  case  of  Equations  10  and  11)  (33). 

There  is  also  an  interference  from  iron  (III),  which  has  been 
postulated  to  result  from  oxidation  of  the  sulfide  matrix  (43),  or 
oxidation  of  copper  (I)  in  the  electrode  to  copper  (II)  (46).  This 
phenomenon  does  not  have  any  dependence  on  solubility  products  of  iron 
and  copper  sulfides,  since  it  is  an  oxidation-reduction  mechanism, 
although  the  electrode  component  involved  is  not  certain.  Iron  (III) 
interference  has  also  been  observed  with  a  lead-selective  electrode 
(47),  which  is  constructed  of  a  lead  sulfide-silver  sulfide  coprecipi¬ 
tate,  which  should  arise  from  an  oxidation  of  the  sulfide  matrix,  since 
there  is  no  general  higher  stable  oxidation  state  for  lead  than  Pb(II). 
3.  Ionic  Activities  and  Concentrations 

In  the  preceding  discussion,  ionic  activities  have  been  used  exclu¬ 
sively,  since  that  is  the  parameter  to  which  an  ion-selective  electrode 
responds.  However,  in  many  cases,  the  concentration  of  an  ion  in  solu¬ 
tion  is  analytically  important. 

The  activity  of  an  ion  and  its  concentration  are  related  by  the 
activity  coefficient,  y. 


where  c^  is  the  concentration  of  ion  i  in  solution, 
of  the  ionic  strength  of  the  solution,  I 


(12) 

y.  is  a  function 


I  = 


2 


(13) 
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where  m  and  z  are  the  molal  concentration  and  unsigned  charge  of 

i  i 

ion  i. 

One  of  the  most  common  methods  to  calculate  Y^  for  ions  in  solution 
is  the  Davies  equation,  which  states 


-log  Y+ 


Az  z_ 


/I 


1  +  /i 


0.21 


(14) 


Y  is  the  mean  activity  coefficient  for  ions  z  and  z  and  A  is  deter- 
+  + 

mined  by  the  dielectric  constant  and  temperature  of  the  solvent.  For  a 
single  ion 


-log  Y^  =  Azi 


/I 

1+  /I 


0.21 


(15) 


This  equation  gives  answers  accurate  to  3%  at  an  ionic  strength  of  0.1 
for  1:1  electrolytes  in-water  (48). 

Hence,  to  a  first  approximation,  ionic  activity  coefficients  will 
remain  constant  if  the  ionic  strength  of  a  solution  is  kept  constant 
with  an  excess  of  inert  electrolyte.  Ionic  concentrations  will  then  be 
directly  proportional  to  activities,  and  can  then  be  calculated 
directly  from  cell  potentials,  providing  that  standards  are  used  to 
calibrate  the  slope  and  intercept  on  a  concentration  vs  cell  voltage 
curve . 

4.  Liquid  Junction  Potentials 

Another  consideration  of  many  potent iometric  measurements  is  the 
liquid  junction  potential,  a  component  of  E°  in  Equation  2.  The 
electrode  used  as  reference  must  have  a  stable  potential.  If  this  is 
not  possible  in  the  solution  to  be  analyzed,  then  it  is  commonly 
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immersed  in  a  soli-  'on  which  defines  its  potential,  and  this  solution 
is  connected  to  the  analyte  solution  through  an  ion-conducting  bridge. 

Commonly  this  bridge  is  constructed  so  that  the  flow  of  ions 
between  the  two  solutions  is  restricted,  such  as  a  porous  frit,  ground- 
glass  fitting,  or  agar  (salt-saturated)  filled  tube. 

The  macroscopic  boundary  between  the  ion-conducting  bridge  and  the 

solution  it  contacts  is  distinct,  however,  the  microscopic  boundary  is 

not  distinct.  Ions  at  this  junction  diffuse  outward  from  their 

original  solution,  i.e.,  at  the  junction  between  a  KC1  salt  bridge  and 

a  solution  containing  NaNO^,  K  and  Cl  ions  diffuse  into  the  solution 
+  — 

and  Na  and  NO^  ions  diffuse  into  the  salt  bridge.  Ideally,  each  kind 
of  ion  has  a  unique  mobility  in  solution,  but  opposite  charges  cannot 
be  separated  macroscopical ly .  Ions  of  opposite  charge  must  then 
diffuse  at  an  average  rate  to  maintain  electro-neutrality  in  any  volume. 

This  situation  establishes  a  potential  difference  across  the  junc¬ 
tion,  comprised  of  a  continuous  concentration  gradient  of  ions  across 
the  diffusion  volume  (49).  The  potential  difference  is  termed  the 
liquid  junction  potential.  It  is  a  function  of  activities  a^  and 
transference  numbers  t^  of  ioni>_  species  i  in  the  transition  layers 
between  the  two  end  (homogeneous)  solutions  (50): 


E.  =  -  ™ 
3  F 


rCi  t . 

/  L~T 

Jc.'  zi 

l 


d  In  a . 

l 


where  c.'  and  c are  the  two  end  solutions, 
i  i 

If  one  assumes  that  the  liquid  junction  is  comprised  ol 
ous  gradient  between  the  two  solutions,  Equation  15  can  be 


(16) 


a  continu- 
approximated 


by  the  method  of  Henderson  (50).  Two  further  assumptions  are  involved: 
(1)  the  activity  of  each  ionic  species  is  equal  to  the 


concentration  of  that  species,  and  (2)  the  mobility  of  each  ion,  ti^,  is 
constant  throughout  the  junction.  The  transference  number,  t^,  is 
given  by 


t . 
l 


c  .u . 

l  l 


a  T  c  .  "u .  +  (1-a)  £  c . ' u . 

"it  ii 


(17) 


where  c.  is  the  instantaneous  concentration  of  ion  i,  and  a  is  the 
i 

volume  fraction  (mixing  fraction)  of  solution  c."  in  the  volume 
involved.  Substitution  of  Equation  17  into  Equation  16  and  integration 
over  the  total  volume  of  the  junction  produces 


E. 

J 


RT  ^i/zi)(ci,’-ci,)  ,  £Ci'Ui 

F  ’  £u.(C."-c.’)  in  £c.’’u. 

11  1  ^11 


(18) 


If  ionic  mobilities  in  solution  c^1  and  c/1  are  assumed  to  be  equal 
to  the  ionic  mobilities  at  infinite  dilution  (A°/F,  where  A°  is  the 
limiting  ionic  conductivity),  then 

RT  (Uci'  ~  ~  (UCj"~  Vc1")  UCj'  +VCj' 

j  F  (U’.,+V’.,)-  (U’^.  +  V.Y,,)  "  1^.,,  +  V’.,, 

where  U  =  £c+A°,  V  =  £c_A^,  U1  =2)c+A°|z+|,  V'  =  .£  c_A° j z_ | ,  and  their 
subscripts  in  Equation  L9  indicate  the  solutions  involved. 

If  solution  c is  saturated  KC1  at  25°c  (as  in  the  case  of  the 

i 

saturated  calomel  electrode),  Equation  19  becomes 


E. 

1 


0.05916 


l'c  ^  i 

v’,  +  v:“ 


+  11.6 

-623 


V'  ,  +  V'  , 


log 


10 


62  3 


(20) 
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Equation  20  can  be  solved  for  0.1  M  KN03  vs  saturated  KC1  to  simu¬ 
late  the  liquid  junction  potential  between  a  saturated  calomel  electrode 
and  an  0.1  M  KNO^  solution.  In  this  case,  A°+  =  73.5  and  A°Q  -  =  71.5 

at  2 5°C  (51),  and  E.  =  0.0019  volts. 

J 

The  Henderson  equation  gives  only  a  semi-quantitative  result  for 
the  liquid  junction  potential,  since  only  homoionic  junctions  (ions  in 
both  solutions  are  the  same)  can  be  calculated  exactly,  but  the  values 
are  close  to  experimental  results.  The  potential  across  a  junction 
which  is  not  homoionic  depends  on  the  method  of  forming  the  junction 
and  the  resulting  interdiffusion  characteristics  of  the  two  solutions 
(52).  However,  the  variations  of  experimental  vs  calculated  potential 
is  very  small,  within  a  few  millivolts. 

5.  Streaming  Potentials 

One  aspect  of  potent iometry  in  flowing  solutions  which  is  not 
present  in  static  measurements  is  the  streaming  potential,  a  potential 
difference  which  is  established  between  two  points  in  a  capillary 
through  which  an  ionic  liquid  is  flowing. 

The  basis  of  the  streaming  potential  lies  in  the  fact  that  ions  in 
solution  will  adsorb  onto  the  interface  of  the  solution  and  a  solid  in 
contact  with  it.  Ions  of  a  specific  charge  will  preferably  adsorb  the 
charge  depending  on  the  nature  of  the  surface.  A  layer  of  oppositely 
charged  ions  will  then  form  just  outward  of  these  adsorbed  ions,  since 
charges  in  solution  cannot  be  macroscopically  separated.  A  potential 
difference  is  thus  established  between  the  surface  and  the  outer  ionic 
layer  (the  outer  layer  is  actually  diffuse,  but  can  be  treated  as 
having  sharp  boundaries),  called  the  e lec trokinet ic ,  or  zeta  potential, 


(53)  . 
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When  a  liquid  flows  past  a  surface  (as  in  a  capillary),  this  double 
layer  is  disrupted,  the  outer  (counterion)  layer  being  sheared  from  the 
surface  layer.  This  produces  a  current  flow  in  the  capillary,  propor¬ 
tional  to  the  pressure  applied  to  one  end.  Helmholtz  originally 
derived  the  theory  for  this  effect,  assuming  a  rigid  double  layer,  and 
his  derivation  was  later  modified  slightly  by  Smoluchowski .  Bikerman 
later  derived  equations  on  the  basis  of  a  diffuse  double  layer. 

The  streaming  potential  is  derived  by  the  following  treatment, 
assuming  a  rigid  double  layer  (54):  The  velocity  of  a  liquid  flowing 
in  a  capillary  varies  with  the  distance  from  the  center  of  the  capil¬ 
lary,  x,  according  to  the  relation 


v 

x 


P(r2-  x2) 

4ni 


(21) 


where  r  is  the  radius  of  the  capillary,  n  is  the  viscosity  of  the 
liquid,  and  l  is  the  length  of  the  capillary.  Assuming  the  outer 
(moving)  part  of  the  double  layer  to  be  a  distance  d  from  the  surface 
and  further  that  d  is  small  compared  to  the  radius,  then  the  velocity 
of  the  moving  double  layer  is 


Prd 
vd  2ni 


(22) 


The  current  produced  by  the  slippage  of  one  side  of  the  double  layer 
against  the  other  is 

I  =  27irv  ,o  (23) 

□ 


since  27irv  is  the  area  of  the  layer  which  moves  past  a  point  in  unit 
d 

time,  and  a  is  the  charge  per  unit  area.  Substituting  Equation  22  into 
Equation  23, 


>**•«** 


r*r, *-*"*•#- 
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(24) 


If  A  is  the  specific  conductance  of  the  salt,  the  electrical  resistance 
across  the  tube  is 

R  =  -V  (25) 

TTr  A 


and  the  streaming  potential  is  given  by 


E  = 
s 


(26) 


According  to  electrostatics,  £  and  o  are  related  through  the  rela¬ 
tion 


4TOd 

D 


where  D  is  the  dielectric  constant  of  the  liquid,  and 


P  =  ^PD 

s  4ttdA 


(27) 


(28) 


This  equation  is  true  regardless  of  the  size  of  the  capillary, 
since  the  pressure  through  the  capillary  is  involved,  and  the  linear 
flow  rate  (at  any  particular  distance  from  the  center)  is  directly 
proportional  to  pressure,  although  the  volume  flow  rate  is  dependent  on 
both  pressure  and  capillary  radius.  Thus,  for  a  capillary  of  radius  r, 


P  = 


8Fnl 


nr 


where  F  is  the  volume  flow  rate  of  solution,  and 
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Van  den  Winkel,  Mertens,  and  Massart  (55)  have  demonstrated 
streaming  potentials  in  ’  v-selective  electrode  flow  systems,  using  a 
fluoride-selective  electrode  vs  a  saturated  calomel  electrode  (with 
flowing  liquid-liquid  junction)  or  a  chloride-selective  electrode 
(without  flowing  liquid-liquid  junction).  They  obtained  streaming 
potentials  in  good  agreement  with  theory,  except  at  very  low  conductiv¬ 
ities  ( X  <  10  ohm  cm  ^) ,  where  values  of  E  were  lower  than  expected. 
Even  so,  with  a  5x10  M  NaCl  solution  in  water,  0.66  mL/min  flow  rate 
and  a  12  cm  long  x  0.17  mm  diameter  capillary,  they  obtained  a  streaming 
potential  of  1.35  volt.  The  phenomenon  can  therefore  be  very  important. 

In  our  system,  however,  streaming  potentials  are  negligible.  For 

-12  2 

typical  conditions,  F  =  0.017  mL/sec,  D  =  7.16x10  coul  /Joule-cm, 

1  =  10  cm,  C,  -  0.1  volt  (?  is  usually  between  0.05  and  0.2  volt  (56)), 
r  =  0.08  cm,  and  A  =  120.4  ohm  ^cm  ^  (0.1  M  KNO^) .  Eg  can  then  be 
calculated  to  be  5.0x10  11  volts.  This  is  insignificant  compared  to 
the  level  of  signals  important  in  potent iomet ry  (an  error  of  0.1  mV 
corresponds  to  an  error  of  0.7%  in  the  reading  of  the  activity  of  a 
divalent  cation). 

Since  flow  is  also  restricted  across  the  measuring  electrode  in  our 

system,  a  streaming  potential  can  also  be  calculated  for  this  distance 

(for  electrode  geometry,  vide  infra).  As  worst-case  conditions, 

assuming  a  circular  cross-section  of  radius  0.006  cm  and  length  0.25  cm, 
-9 

E  *  4.0x10  volts.  Since  the  flow  channel  as  constructed  here 
s 

actually  has  a  much  wider  cross-sectional  area,  Eg  is  even  lower,  again 
insignificant  compared  to  the  potentials  we  measure. 
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6.  Transient  Response  of  Ion-Selective  Electrodes 

The  rate  of  response  of  an  ion-selective  electrode  is  extremely 
important  when  it  is  to  be  used  in  a  dynamic  situation,  such  as 
following  the  concentration  of  an  ion  involved  in  a  reaction  (56),  or 
measuring  an  ion's  concentration  at  a  specific  point  in  a  flowing 
stream  (57).  The  time  required  for  an  ion-selective  electrode  to  reach 
a  steady-state  potential  when  the  activity  of  the  sensed  ion  is  changed 
can  vary  from  less  than  one  second  (58)  to  several  hours  (59).  This 
"response  time,"  as  it  is  often  called  (some  authors  use  the  term  to 
denote  the  time  required  to  attain  a  certain  percentage  of  the  total 
potential  change,  i.e.  ,  95%,  since  the  electrode  potential  approaches 
the  steady-state  value  asymptotically  (60))  depends  on  the  mechanism  of 
electrode  response,  and  thus  the  type  of  electrode  (59,61),  the 
activity  of  the  sensed  ion,  both  initial  and  final  (61,62),  and  even 
the  method  of  measurement  of  response  time  (57). 

Two  main  theoretical  models  have  been  proposed  for  the  transient 
response  of  an  ion-selective  electrode.  They  were  reviewed  by  Skatkay 
(59).  The  first,  initially  proposed  by  Rechnitz  and  Hameka  (63), 
represents  the  electrode  as  a  homogeneous  membrane  with  a  barrier  to 
ionic  transport  at  the  membrane-solution  interface  (Figure  2).  When 
the  concentration  of  the  relevant  ions  in  the  membrane  and  "outer" 
solution  are  not  identical,  an  ionic  flux  exists  across  the  barrier  in 
directions  both  into  and  out  of  the  solution.  The  magnitude  of  this 
flux,  along  with  the  ionic  concentrations  in  the  "outer"  solution, 
determines  the  measured  potential  of  the  cell. 
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Next,  a  thin  layer  behind  the  barrier  inside  the  membrane  is 
assumed  ';o  have  a  uniform  concentration.  Therefore  the  concentration 
at  a  reference  point  in  this  layer  can  be  used  to  represent  the  whole 
layer.  When  the  ionic  concentration  in  the  "outer"  solution  is 
changed,  the  ionic  fluxes  across  the  barrier  change,  and  the  thin  layer 
(including  the  reference  point)  behaves  as  a  capacitor,  accumulating 
charge  until  the  ionic  fluxes  again  reach  a  steady-state.  This  leads 
to  a  potential-time  curve  of  the  form 

Efc  =  Ex  +  (E2-  E1)(l-e~Kt)  (31) 

where  Et  is  the  potential  at  time  t,  E^  and  E?  are  the  initial  and 
final  potentials,  respectively,  and  K  is  an  empirical  rate  constant, 
from  the  "charging"  of  the  "capacitor." 

The  second  model  assumes  that  the  electrode  responds  rapidly  to  the 
activity  of  the  sensed  ion  at  the  surface,  but  there  is  a  thin 
unstirred  layer  of  solution  extending  from  the  surface,  even  though  the 
bulk  of  the  solution  may  be  stirred  (Figure  3) .  Ions  in  this  unstirred 
layer  diffuse  according  to  Pick's  first  law,  and  the  ionic  concentra¬ 
tion  at  the  surface  of  the  electrode  as  a  function  of  time  is  given  by 

Ct  =  ci  +  (C2-  Ci)U-  exp(-2Dt/L2)]  (32) 

where  is  the  surface  concentration  at  time  t,  and  C2  are  the 
initial  and  final  concentrations  of  the  bulk  solution,  respectively,  D 
is  the  diffusion  coefficient  of  the  ion  and  L  is  the  thickness  of  the 
stagnant  layer.  The  electrode  potential  as  a  function  of  time  is  then 
given  by  the  equation 
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Figure  3.  Unstirred  Diffusion  Layer  Model  of  Ion-selective  Electrode 
Dynamic  Response  (59,61) . 


A.  Schematic  representation  of  concentration  gradient  in  unstirred 
layer. 

.  Initial  concentration  of  sensed  ion  in  solution. 

C2.  Concentration  of  sensed  ion  in  solution  after  instantaneous 
change. 

C^.  Initial  concentration  of  sensed  ion  at  electrode  surface. 

C.  .  Concentration  of  sensed  ion  at  electrode  surface  at  time  t. 

C2.  Final  (equilibrium)  concentration  of  sensed  ion  at  electrode 
surface. 

B.  Theoretical  potential  curves  as  a  function  of  time,  calculated  vyith 
Equation  32,  using  first-order  diffusion  coefficient  x  (=  -2D/L  ) 
and  an  electrode  response  of  60  mV/decade  cation  concentration. 

1.  Tenfold  instantaneous  increase  in  bulk  solution  sensed  cation 
concentration . 


2.  Tenfold  instantaneous  decrease  in  bulk  solution  sensed  cation 
concentration . 
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This  relation  explains  the  phenomenon  that  the  potential  of  an  ion- 
selective  electrode  reaches  a  final  (within  experimental  precision) 


value  more  rapidly  when  the  concentration  of  sensed  ion  increases  than 


when  it  decreases.  The  ionic  concentrat ion  profile  with  time  has  an 
identical  (although  inverse)  shape  whether  the  concentration  increases 


or  decreases,  depending  only  on  D  and  L.  However,  the  logarithmic 
concentration  response  characteristic  of  potentiometry  compresses  the 
concentration  scale  in  the  increasing  direction  and  expands  it  in  the 
decreasing  direction  (61).  This  phenomenon  has  been  widely  found  in 
the  literature,  but  rarely  explained  (59,61), 

Skatkay  concluded  in  his  article  (59)  that  fast  transients  could  be 
approximated  with  a  single  exponential  or  hyperbolic  equation,  but  slow 
transients  required  a  sum  of  exponential  or  hyperbolic  terms,  demon¬ 
strating  that  more  than  one  process  is  involved  in  the  transient 


response  mechanism,  or  that  the  rate  limiting  process  is  not  strictly 
first  order. 


Lindner  ££  a_l  (64)  attempted  to  explain  the  transient  response  of 

ion-selective  electrodes  in  terms  of  a  "multielectrode"  model  (Figure 

4).  Here,  the  surface  of  the  electrode  is  divided  into  a  large  number 

of  "point  electrodes,"  whose  potentials  are  added  in  parallel,  with  all 

R  equal.  As  the  bulk  activity  of  the  sensed  ion  changes,  the 
n 

surface  concentration  does  not  necessarily  uniformly  change  in  time, 
and  "mixed"  potentials  result.  The  potential  at  time  t  is  then  repre¬ 
sented  by 


Figure  4.  Schematic  Diagram  of  Multielectrode  Model  of  Ion-selective 
Electrode  Response. 

E^(t) .  "Mixed  electrode"  potential  at  time  t. 

Ej .  Potential  of  "point"  electrode  j  (defined  in  text) . 

.  Internal  resistance  of  "point"  electrode  j. 

Rcj.  Charge  transfer  resistance  of  "point"  electrode  j. 

R  . .  Resistance  of  solution  around  "point"  electrode  j. 
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where  F.  is  the  area  of  the  point  electrode  i,  E1  is  the  potential 
of  point  electrode  i,  a  is  the  average  measured  activity  of  the  ion, 
and  a^  is  the  activity  of  the  ion  in  contact  with  point  electrode  i. 

No  kinetic  curves  were  shown  to  validate  this  model,  but  an  iodide- 
selective  electrode  was  part  it ioned  on  its  surface  and  the  various 
sections  covered  with  different  iodide  solutions.  Each  separate 
section  was  connected  to  a  common  reference  electrode  through  a  salt 
bridge.  The  authors  present  results  of  seven  different  combinations  of 
iodide  concentrations  on  the  surface  of  the  electrode  as  -(log  a) 
calculated  from  Equation  35  and  the  electrode  potential  obtained.  They 
state  that  the  equation  gives  a  good  approximation  of  the  multielec¬ 
trode  potentials.  However,  if  the  average  activity  of  iodide  on  the 
electrode  is  computed  according  to  the  equation 


a 


i»i 


(36) 


the  activity  calculated  is  closer  to  the  experimentally  determined 
activity  in  five  of  the  seven  cases,  casting  great  doubts  on  the 
validity  of  this  particular  model. 

These  theories  have  been  used  in  the  references  noted  only  to 
describe  the  electrode  potential  change  after  a  step  change  of  the  bulk 
solution  concentration  of  the  primary  sensed  ion.  Morf  (65)  has 
developed  an  analysis  of  electrode  response  for  a  concentration  change 
of  an  interfering  ion  (or  any  second  ion  the  electrode  will  respond 
to).  He  assumes  an  inhomogeneous  membrane,  in  which  ionic  diffusion 
through  the  interior  is  finite  (such  as  in  the  "energy  barrier"  model), 
but  there  is  a  surface  layer  with  different  properties  from  the 
interior.  Ionic  mobilities  in  the  interior  are  assumed  to  be  much 
slower  than  at  the  surface.  In  this  model,  differential  ionic  selec- 
tivities  (K  — )  at  the  surface  layer  and  in  the  bulk  are  not  necessarily 
equal.  This  representation  of  an  electrode  allows  not  only  for  mono¬ 
tonic  potential  shifts,  but  also  for  overshooting,  where  the  electrode 
potential  rises  (or  falls)  upon  a  change  in  the  concentration  of  an  ion 
and  settles  back  to  a  potential  cloer  to  the  original  electrode  poten¬ 
tial.  The  phenomenon  of  potential  overshooting  caused  by  an  interfer- 
ant  cannot  be  explained  using  a  homogeneous  membrane  model. 

Morf  shows  that  when  the  membrane  surface  is  selective  for  ion  I  , 

while  the  interior  is  selective  for  J  ,  overshooting  can  occur  upon  a 

+ 

change  in  the  solution  concentration  of  I  .  From  the  original  poten- 

.  .  .  +  +  . 
tial,  determined  by  the  concentration  of  I  and  J  in  solution,  intro- 

+ 

ductlon  (or  removal)  of  I  causes  a  rapid  potential  shift  determined 
+ 

primarily  by  I  followed  by  a  slower  return  to  a  potential  again 
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determined  by  the  concentrations  of  I  ,  J  ,  and  the  bulk  selectivity 

coefficient  K . . • 
ij 

Morf  uses  as  examples  data  previously  published  where  I  and  J  are 
of  the  same  charge  and  one  ion  remains  unvariant.  However,  this  model 
could  be  expanded  to  the  situation  where  I  and  J  are  of  opposite 
charge,  and  where  the  concentrations  of  both  ions  change.  Transient 
response  of  a  cupric  ion-selective  electrode  to  halide  ions  has  been 
noted  by  Midgley  (66)  (F  ,  Cl  )  in  the  presence  of  Cu(II),  but  no 
explanation  was  given.  Similar  transient  response  to  halide  ions  (F  , 
Cl  ,  Br  ,  I  )  has  been  found  in  this  work  (vide  infra)  with  a  constant 
CuEDTA  background. 

Response  times  of  ion-selective  electrodes  have  been  measured  by 
many  methods,  and  the  results  obtained  can  depend  on  the  method  used. 
For  example,  ion-selective  and  reference  electrodes  can  be  immersed  in 
a  vessel  filled  with  stirred  solution,  and  a  concentrated  solution  of 
the  sensed  ion  or  inert  electrolyte  added.  This  will  respectively 
increase  or  decrease  the  sensed  ion's  activity  (61).  Stirring  rate  has 
a  profound  influence  on  rate  of  response  in  this  case. 

Another  procedure  used  is  to  remove  the  ion-selective  electrode 
from  a  solution  of  activity  a  (sensed  ion)  and  place  it  in  a  solution 
of  activity  b.  The  two  solutions  are  often  unstirred.  Very  long 
response  times  have  been  observed  using  this  technique  (59,67). 
Parthasarathy  ejt  a_l  (67)  postulated  that  the  long  response  times  were 
partially  caused  by  electrostatic  charge  buildup  on  the  electrode 
during  the  transfer  process. 
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Another  common  method  of  measuring  electrode  transients  involves 
spraying  a  high  velocity  stream  directly  at  the  electrode,  at  flow 
rates  up  to  1000  mL/min  (57,60,68).  Response  times  for  precipitate- 
based  electrodes  measured  by  this  method  are  commonly  below  one  second. 
Mertens  et  al  (57)  have  shown  that  these  times  are  not  necessarily 
representative  of  those  found  under  moderate  flow  conditions,  under  10 
mL/min,  where  the  linear  velocity  past  the  electrode  surface  was  much 
less.  Under  these  conditions,  electrode  response  times  were  an  order 
of  magnitude  or  more  longer. 

All  of  these  experiments  point  to  a  marked  dependence  of  the 
electrode  response  time  on  the  rate  of  movement  of  solution  over  the 
surface  of  the  electrode,  whether  by  stirring  or  forced  flow.  This 
points  to  a  stagnant  solution  layer  on  the  surface  of  the  electrode 
playing  an  important  part  in  the  transient  response,  since  agitation  of 
the  bulk  solution  will  disrupt  this  stagnant  layer  and  allow  the 
surface  concentration  of  ions  to  approach  the  bulk  concentration  more 
rapidly . 

There  are  thus  several  complicating  factors  in  the  mechanism  of 
dynamic  response  of  ion-selective  electrodes.  Many  experiments  point 
to  solution  diffusion-controlled  processes  being  strongly  involved,  as 
no  doubt  they  are.  But  the  electrodes  themselves  must  take  an  active 
role  in  their  transient  response.  This  has  to  be  assumed  to  account 
for  the  fact  that  not  all  electrodes  of  the  same  geometry  have  identi¬ 
cal  transient  response  characteristics.  Another  unsolved  problem 

concerns  the  fact  that  response  times  for  concentration  jumps  involving 
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different  initial  and  final  concentration  pairs  (i.e.,  10  M  -+  10  M 


and  10  M  -*  10  M)  can  be  different  by  orders  of  magnitude  for  the  same 
electrode  and  sensed  ion  (59).  No  model  has  yet  been  proposed  which 
can  take  into  effect  both  the  "solution-controlled"  and  "electrode- 
controlled"  phenomena.  Such  a  model  could  possibly  take  into  account 
such  things  as  the  semiconductor  nature  of  many  electrodes  and  inter¬ 
facial  phenomena  such  as  chemisorption  from  solutions,  neither 
phenomenon  now  being  considered  in  these  models. 

7.  Cupric  Ion-Selective  Electrode  Studies 
a.  Construction 

The  cupric  ion-selective  electrode  is  one  of  the  most-studied  ion- 
selective  electrodes.  Although  some  early  electrodes  were  made  using 
liquid  ion-exchangers,  such  as  S-alkyl  thioglycolic  acids  dissolved  in 
water-immiscible  solvents  (69) ,  the  vast  majority  of  cupric  ion- 
selective  electrodes  are  solid-state.  The  solid-state  electrodes  are 
usually  based  on  copper  sulfide  or  a  copper-sulfide-silver-sulfide 
coprecipitate;  however,  two  manufacturers  produce  electrodes  based  on 
copper  selenide  (Tacussel  and  Radiometer).  By  far,  most  of  the  litera¬ 
ture  concerns  the  sulfide-based  electrodes. 

Many  methods  have  been  used  to  prepare  the  sulfide-based  elec¬ 
trodes.  Copper  sulfide  precipitates  have  been  imbedded  in  silicone 
rubber  (70)  or  epoxy  resin  (71),  or  pressed  into  a  ceramic  membrane 
(72).  Ceramic  membranes  of  copper  sulfide  have  been  described  as 
difficult  to  prepare;  when  an  internal  reference  solution  was  used,  the 
membranes  leaked,  and  they  crumbled  readily  (73).  The  valence  state  of 
copper  ions  in  these  electrodes  apparently  can  either  be  +1,  +2,  or  a 
mixture  of  both  states. 


The  majority  of  the  sulfide-based  electrodes  contain  both  silver 
and  copper  sulfides,  usually  coprecipitated  from  homogeneous  solution. 

One  major  approach  using  the  mixed  copper/silver  sulfide  involves 
manually  affixing  a  small  amount  of  the  granular  precipitate  onto  the 
end  of  a  hydrophobized  graphite  rod.  This  type  of  construction  has 
been  named  the  "Selectrode"  by  its  inventors  (74).  Electrical  contact 
is  made  through  the  graphite  rod.  Electrodes  made  in  this  way  require 
a  pretreatment  procedure  of  soaking  the  electroactive  surface  in  KCN  or 
EDTA  solutions  before  initial  use.  Otherwise,  the  sensitivity  and 
limit  of  detection  are  poor. 

Cupric  ion-selective  electrodes  have  also  been  prepared  by 
depositing  copper  sulfide  onto  a  silver  sulfide  surface.  Anfalt  and 
Jagner  (75)  first  precipitated  silver  sulfide  on  the  surface  of  a 
silver  rod,  and  added  CuCNO^^  to  the  solution  to  coat  the  surface  with 
copper  sulfide.  Van  de  Leest  (76)  vapor  deposited  copper  atoms  onto 
the  surface  of  a  silver  sulfide  pellet,  and  then  heated  the  pellet  in 
an  atmosphere  saturated  with  sulfur  vapor.  Both  of  these  techniques 
have  been  demonstrated,  but  nothing  further  on  electrodes  prepared  in 
this  manner  has  appeared  in  the  literature. 

The  Orion  commercial  electrode  and  many  laboratory-prepared  elec¬ 
trodes  are  constructed  from  a  pressed  disk  of  coprecipitated  copper/ 
silver  sulfide.  Electrical  contact  to  the  electrode  can  be  made  either 
through  a  conventional  internal  reference  electrode,  directly  to  the 
electrode  surface  through  a  silver  or  copper  powder,  or  via  silver  or 
gold-containing  epoxy  (62,77). 
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Heyne  et^  a_I  (73,78)  carried  out  a  thorough  study  of  the  preparation 
of  pressed  silver/copper  sulfide  electrodes.  The  solid  was  prepared  by 
precipitation  by  addition  of  a  copper  nitrate/s ilver  nitrate  solution 
to  an  excess  of  sodium  sulfide,  hydrogen  sulfide,  and  by  precipitation 
from  homogeneous  solution  with  thioacetamide ,  varying  the  copper ; s ilver 
ratio  and  the  metal: sulfide  ratio,  and  varying  the  absolute  ionic 
strengths  of  the  solutions  to  be  mixed.  They  analyzed  the  resulting 
precipitates  by  X-ray  diffraction  and  concluded  that  the  electrodes 
with  the  most  mechanical  strength  and  best  electrochemical  response 
(lowest  limit  of  detection,  Nernstian  slope,  shortest  response  time) 
contained  the  ternary  compounds  jalpaite  (Ag^  ^Cuq  ^S)  and 
mckinstryite  (Ag^  2Cu0  8®^  ant*  very  little  Ag2S,  CuS  or  C^S.  They 
presented  a  detailed  procedure  for  preparation  of  these  electrodes,  and 
emphasized  that  the  best  results  occurred  when  the  precipitation  step 
was  performed  under  nitrogen  instead  of  air.  This  experimental  detail 
was  not  mentioned  in  studies  by  other  researchers,  but  should  serve  to 
help  eliminate  the  formation  of  hydroxides  and  sulfates  in  the  elec¬ 
trodes.  Copper  (II)  sulfate  has  been  found  in  preparations  of  elec¬ 
trode  material  which  were  exposed  to  humid  air  for  long  periods  (>  2 
weeks) . 

b.  Behavior  in  Cu(II)  solutions 

The  sensitivity  and  detection  limit  of  cupric  ion-selective  elec¬ 
trodes  depends  on  the  method  of  calibration  used  by  the  researcher.  If 

dilute  Cu(II)  solutions  in  water  are  used  as  standards,  the  electrode 

-9 

is  not  responsive  below  approximately  10  M  Cu(II)  (36).  This  limit  of 
detection  cannot  be  explained  on  the  basis  of  the  solubility  of  CuS  or 
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CU^S  the  electrode  material,  since  dissolution  should  only  play  a 

-13 

part  in  solutions  below  10  M  (78).  However,  the  electrode  material 
has  been  shown  to  adsorb  Cu(II)  ions  from  submicromolar  solutions  onto 
its  surface  (36)  and  in  other  cases  corrode,  raising  the  Cu(II)  concen¬ 
tration  in  solutions  containing  complexing  ligands  (79). 

The  behavior  of  the  electrode  in  Cu(II)  buffer  solutions  is  quite 

different.  These  buffer  solutions  contain  a  high  total  concentration 
-2 

of  Cu(Il)  (^  10  M) ,  most  of  which  is  complexed  by  a  ligand,  e.g. , 

EDTA,  NTA  (80),  Trien,  or  Tetren  (79).  By  varying  the  solution  pH  and 

the  Cu( II) : ligand  ratio,  the  free  Cu(Il)  activity  can  be  fixed  at  very 

low  levels.  Electrodes  will  respond  with  Nernstion  slopes  to  levels  as 
-18 

low  as  10  M  free  Cu(II)  in  buffer  solutions  of  Trien  or  Tetren  (81). 

In  these  solutions,  dissolution  of  the  electrode  would  make  almost  no 

change  in  the  free  Cu(II)  concentration,  since  the  total  Cu(II)  concen- 

9 

tration  is  large  ( >  10  )  compared  to  that  which  could  arise  from 
electrode  dissolution. 

There  is  one  other  major  difference  between  the  electrode's 
response  in  Cu(ll)  buffered  and  unbuffered  solutions.  In  unbuffered 
solutions,  the  electrode  requires  at  least  one  hour  to  achieve  steady- 

_g 

state  when  immersed  in  10  M  Cu(ll)  (36).  In  buffered  solutions, 

stable  potentials  were  obtained  within  five  minutes  at  free  Cu(Il) 

-9 

concentrations  below  10  M  (81). 

One  caution  must  be  applied  in  the  use  of  Cu(Il)  buffers  for 


calibration  of  cupric  ion-selective  electrodes.  Several  groups  have 
found  that  the  potential  of  the  electrode  in  solutions  with  an  excess 
of  EDTA  or  NTA  over  Cu(II)  is  higher  than  that  calculated  from 
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equilibrium  formation  constants  of  the  complexes  (79,82,83).  It  has 

been  postulated  that  the  reason  for  this  may  be  the  negative  charge  of 

the  CuEDTA  and  CuNTA  complexes,  since  ligands  which  form  positively 

charged  complexes  with  Cu(II)  (i.e.,  Trien  and  Tetren)  do  not  show  this 

behavior  (79).  Trien  and  Tetren  have  thus  been  proposed  as  the  basis 

for  Cu(II)  calibration  buffers  (79).  Jyo  et  al  (84)  have  proposed  a 

"ligand  interference  preventative  buffer"  to  mask  the  effects  of  such 

complexing  agents.  The  buffer  consists  of  a  high  concentration  of 

Trien  buffered  with  nitric  acid  so  that  it  preferentially  complexes 

Cu(II)  to  establish  the  electrode  potential.  They  show  almost  no 
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(<  1  mV)  influence  of  10  M  EDTA  or  NTA  on  the  potential  of  an  elec- 
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trode  in  this  buffer  with  10  M  Cu(II)  added, 
c.  Behavior  in  solutions  of  Cu(II)-complexing  ligands 

In  addition  to  selectivity  for  metal  ions  other  than  Cu(II),  as 
predicted  from  Equation  6,  the  electrode  responds  to  a  number  of  ions. 
First,  it  will  respond  to  Cu( II )-complexing  ions  without  any  Cu(II) 
(other  than  that  which  arises  from  electrode  dissolution)  present  in 
solution.  This  is  different  from  the  case  stated  above,  where  there 
was  a  small  amount  of  free  Cu(II)  present  from  dissociation  of  Cu(II)- 
ligand  complexes. 

Several  authors  have  studied  the  electrode  response  to  complexing 
agents  as  a  function  of  solution  pH  (79,83,85,86),  or  concentration  of 
the  ligand  (86).  The  potentials  may  or  may  not  be  identical  to  poten¬ 
tials  with  Cu(II)  present,  depending  on  the  ligand  used  (79,83).  The 
fact  that  EDTA  and  NTA  give  identical  tesponses  whether  or  not  Cu(II) 
is  present  in  solution  suggests  that  the  electrode  potential  depends 


only  on  the  free  ligand  concentrat ion  in  these  cases .  This  has  been 
used  to  explain  the  analomous  behavior  of  the  electrode  in  CuEDTA  and 
CuNTA  buffers,  and  titrations  of  Cu(Il)  with  EDTA,  where  potentials 
past  the  endpoint  (excess  EDTA)  do  not  agree  with  theory  (79). 

The  response  of  the  electrode  to  Cu( Il)-complexing  ligands  was  the 
basis  for  a  study  of  titrations  of  metals  other  than  Cu(Il)  with  these 
ligands  (85).  One  observation  Olsen  et  a_l  made  was  that  potentials 
were  unsteady  or  required  long  times  to  reach  a  steady-state  value  at 
low  pH.  This  effect  disappeared  in  high  pH  solutions  (absolute  pH 
ranges  were  not  specified). 

d.  Behavior  in  solutions  of  other  interfering  ions 

An  interference  of  Fe(III)  on  the  potential  of  the  cupric  ion- 
selective  electrode  has  been  previously  mentioned.  As  stated,  this 
does  not  appear  to  come  from  a  solubility  mechanism,  but  oxidation  of 
one  of  the  components  of  the  electrode  by  Fe(III)  (45,46).  The  appli¬ 
cation  of  a  cupric  ion-selective  electrode  for  the  determination  of 
Fe(IIl)  using  this  interference  has  been  discussed  by  Fung  and  Fung 
(87).  The  analytical  slope  was  25  mV/decade  [Fe(III)],  whereas  the 
theoretical  Nernstian  response  for  a  trivalent  cation  (Equation  7)  is 
19.7  mV/decade. 

Halide  ions  also  have  a  profound  interference  on  a  cupric  ion- 
selective  electrode,  and  the  mechanism  of  this  interference  is  not  well 
understood.  As  discussed  earlier,  a  film  of  silver  chloride  can  form 


on  the  surface  of  an  electrode  at  high  Cu(II)  and  chloride  concentra¬ 
tions  (Equations  10  and  11)  which  will  make  the  electrode  nonresponsive 
to  Cu(Il)  (33).  Crombie,  Moody,  and  Thomas  (88)  reexamined  this 
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phenomenon  for  the  points  at  which  Cu(II)  and  chloride  ions  affect  the 
potential  equally  and  found  that  these  points  follow  the  more  compli¬ 
cated  equation: 

log  [Cu2+]  -  2.8  log  [Cl“]  =  2.7  (37) 

They  suggested  that  chloro-complexes  of  Cu(II)  might  be  implicated  in 
this  phenomenon,  but  gave  no  firm  explanation.  They  also  noted  that 
the  response  of  a  fouled  electrode  is  not  Nernstian  with  respect  to 
chloride,  which  they  attribute  to  the  formation  of  an  imperfect  layer 
of  silver  chloride  on  the  surface. 

There  are  other  phenomena  which  occur  at  high  levels  of  chloride 
and  low  levels  of  Cu(II),  well  below  that  needed  to  form  the  silver 
chloride  layer  on  the  surface  of  the  electrode.  High  levels  of  chlo¬ 
ride  increase  the  slope  of  the  response  to  Cu(II)  (89,90).  Slopes  up 
to  50  mV/decade  [Cu(ll)]  were  found  in  solutions  with  high  (>  0.5  M) 
levels  of  NaCl  or  KC1  as  background  electrolyte.  This  effect  was  not 
found  when  solutions  of  CuCl^  were  tested  in  varying  concentrations 
of  KN03  as  background  electrolyte  (90),  so  the  authors  concluded  that 
the  excess  high  chloride  concentration  was  the  cause,  not  any  ionic 
strength  phenomenon,  but  they  offered  no  explanation  for  the  results. 

Midgley  (66)  studied  the  interference  of  chloride  on  the  cupric 

ion-selective  electrode  by  injecting  a  small  amount  of  saturated  KC1 

into  solutions  of  CuSO.  at  various  concentrations.  He  found  shifts 

4 

in  potential  greater  than  those  which  could  be  explained  by  ionic 
strength  changes  caused  by  adding  the  KC1  or  complex  formation  (i.e., 
CuCl  ).  He  also  discounted  the  possibility  of  reduction  of  Cu(II)  to 


Cu(I)  due  to  the  high  redox  potential  of  the  solutions  involved.  He 
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found  similar,  although  smaller,  effects  when  NaF  was  injected  into 

CuSO,  solutions.  At  low  Cu(II)  concentrations,  injections  of  KC1  or 
4 

NaF  gave  a  transient  shift  to  lower  potentials  (apparent  lower  concen¬ 
trations  of  Cu(II))  and  in  most  cases  a  drift  to  higher  potentials.  It 
was  not  stated  whether  the  electrode  assumed  the  initial  potential 
after  the  drift  subsided.  No  explanation  was  given  for  this  response, 
e.  Application  in  the  determination  of  other  metals 

The  cupric  ion-selective  electrode  is  obviously  suitable  for  the 
titration  of  Cu(Il)  with  a  ligand  which  forms  a  strong  complex,  such  as 
EDTA  or  Trien.  It  has  also  been  used  for  the  titration  of  other  metals 
which  form  EDTA  complexes.  Other  than  the  case  mentioned  previously 
(85) ,  the  procedure  involves  addition  of  a  small  amount  of  CuEDTA  to  a 
solution  of  the  metal  to  be  titrated.  Some  of  the  EDTA  will  complex 
with  the  analyte,  freeing  Cu(II).  As  EDTA  is  added  to  the  solution 
during  the  titration,  the  levels  of  both  the  free  analyte  metal  and 
free  Cu(ll)  will  decrease.  When  the  total  EDTA  concentration  exceeds 
the  total  concentration  of  the  analyte  metal  and  Cu(Il),  there  will  be 
a  sharp  decrease  in  the  free  Cu(II)  level,  similar  to  the  endpoint  of  a 
titration  of  Cu(II)  alone  with  EDTA.  The  magnitude  of  this  endpoint 
break  depends  on  the  conditional  stability  constants  of  both  the 
analyte  metal-EDTA  complex  and  the  CuEDTA  complex  (92).  Conditions 
(pH,  buffer  used,  ligand  used)  can  be  varied  to  provide  sensitivity  or 
selectivity  as  needed.  Both  ions  which  form  a  weaker  metal-ligand 
complex  than  Cu(II)  (46,91,92,93,94)  and  a  stronger  metal-ligand 
complex  (95,96)  can  be  determined  in  this  way.  Calcium,  which  forms 
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relatively  very  weak  complexes  with  EDTA,  can  be  determined  in  this 
way,  when  the  solution  is  adjusted  to  pH  9  (92). 

Van  der  Meer  et  al  (97,98)  have  discussed  the  theory  of  the  more 
general  case,  where  Cu(II)  and  a  second  metal  are  both  titrated  with  a 
ligand,  including  back-t itrat ions  of  excess  ligand  in  a  ligand-metal 
ion  mixture  with  Cu(II).  In  their  study,  they  included  the  effect  of 
non-zero  selectivity  coefficients  for  metals  other  than  Cu(II)  with  the 
cupric  ion-selective  electrode.  It  was  found  that  metals  which  form 
weaker  complexes  with  the  titrant  ligand  than  Cu(II)  could  be  sometimes 
determined  separately,  with  a  second  endpoint  for  the  total  metal  ion 
(including  Cu(ll))  concentration.  Heijne  et  al  (46)  could  find  only 
the  combined  metal  ion  endpoint,  however,  for  mixtures  of  Cu(Il)  with 
metals  which  formed  stronger  complexes  with  the  titrant  ligand. 

The  cupric  ion-selective  electrode  is  thus  seen  to  be  very  useful 
in  analysis  for  metals  other  than  Cu(II),  when  these  metals  can  be  made 
to  influence  free  Cu(II)  concentration  in  solution  in  some  way. 

Finally,  van  der  Linden  and  Oostervink  (99)  have  designed  a  flow¬ 
through  cupric-ion  electrode  similar  to  the  one  constructed  in  this 
work,  where  the  flowing  stream  passes  over  a  face  of  the  electrode. 

They  show  a  detailed  picture  of  the  electrode,  but  give  few  dimensional 
details.  Also,  they  state  that  the  electrode  reaches  90%  of  steady- 
state  response  for  Cu(Il)  injection  in  6  seconds,  but  give  no  data  on 
experimental  conditions,  so  this  cannot  be  used  for  comparison  with 
other  flow-through  electrodes. 
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II.  Equilibrium  Theory  of  the  Detector 

The  basic  rationale  of  the  detector  is  given  in  Chapter  I. A.,  in 

n+  . 

which  it  is  stated  that  the  response  to  a  metal  ion  M  is  governed 
in  the  simplest  case  by  the  chemical  reaction 

M°+  +  CuEDTA2"  ^  MEDTA(4-n)_  +  Cu2+;  — LLHEDTA V  — ll  (3g) 

’  [Mn+]f CuEDTA2"] 

where  K  _  is  the  equilibrium  constant  for  the  reaction.  In  this 
M  ,Cu 

2  + 

elementary  case,  the  concentration  of  Cu  at  the  sensor  depends  only 

.  ,  n+  2- 

on  the  initial  amounts  of  M  and  CuEDTA  and  the  absolute  strengths 

of  the  two  complexes  involved.  This,  however,  only  presents  a  part  of 

the  problem. 

This  section  will  treat  the  chemical  system  involved  in  the  detec¬ 
tor  in  detail,  taking  into  consideration  nonideal  situations,  such  as 
competing  reactions  and  nonstoichiometry  of  the  CuEDTA  used  as  a  reac¬ 
tant.  Using  reasonable  simplifying  assumptions,  we  will  derive  a 

general  master  equation  relating  the  analyte  (M  )  to  the  sensed 

,  2+.  .  .  . 
product  (Cu  ),  so  that  it  can  be  applied  directly  to  similar  soluble 

chemical  systems. 

The  equation  for  the  formation  of  a  1:1  M-X  complex  with  the  corre¬ 
sponding  formation  constant  is 

M+  x  -  "*=  ■  MW  <39) 

This  relation  holds  true  for  all  cases  where  the  three  species  are  the 
only  ones  present  in  solution. 


53 


54 


Ethylenediaminetetraacet ic  acid  ( EDTA )  is  a  tetraprotic  acid.  The 

4  4- 

fully  ionized  form  (EDTA  or  Y  )  is  capable  of  coordinating  metal  ions 

at  six  different  points,  forming  a  very  stable  1:1  complex  MY 

,  (3-n)-, 

This  complex  strongly  predominates  over  any  protonated  (MHY  )  or 

hydrolyzed  (MOHY^  ^  )  except  in  highly  acidic  or  alkaline  solutions 
(100),  so  we  can  ignore  all  but  the  MY^  form  in  our  treatment. 

Also,  although  crystallyne  compounds  of  the  form  ^ave  been 

prepared,  all  stable  EDTA  complexes  in  solution  contain  only  one  metal 
ion  apiece  (101),  although  mixed-metal  chelates  have  been  proposed  as 
intermediates  in  many  EDTA-exchange  mechanistic  studies  (102,104a). 

If  the  MY^4  complex  is  considered  the  only  one  present  in 

solution,  this  is  analogous  to  the  reaction 


n+  4—'  (4— n)—  o  [MY^4  1 

M  +  Y  *  MY<  ;  ^ - 4^ 

m  [M] [Y  ] 


(40) 


The  fraction  of  Y  in  the  totally  ionized  form  can  be  calculated  from 
the  pH  of  the  solution  and  the  successive  dissociation  constants  of  the 
protonated  species,  thusly: 


[H  Y  ][Ht] 

V  ^  H3Y  +  H  ;  =  -  [H  Y-j 


(41) 


[h2y2  ][H+] 

H3Y  ^  H2Y  +  H  :  K2  =  -[H  }-- 


(42) 


H,Y2'  -  KY3-  +  H+:  K,  - 

2  3  [h2yz  ] 


(43) 


HY3-  ;  Y4-  +  H+;  K,  - 

4  FHYJ  ] 


(44) 


[Y]  tot  =  [H.Y]  +  [H3Y  ]  +  [H/  ]  +  [HY3"]  +  [V4_] 


(45) 
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which  complexes  Cu  will  lower  both  the  solution  concentration  of  Cu 

and  K  .  The  following  derivation  will  include  the  presence  of  such 
LuY 

2+ 

ligands,  but  since  the  pH  can  be  adjusted  to  prevent  hydrolysis  of  Cu 
and  other  interfering  ligands  can  be  excluded  from  solution,  considera¬ 
tion  of  such  substances  on  the  detector  response  will  be  deferred  to 
the  end  of  this  section. 

The  chemical  system  we  are  considering  involves,  then,  a  metal  ion 
M  ,  EDTA(Y),  Cu  ,  and  a  Cu  -complexing  ligand  L  (as  stated  before, 

M°  -complexing  ligands  affect  primarily  so  they  need  not  be 

specifically  included).  At  equilibrium  (the  time  frame  to  reach  equi¬ 
librium  is  treated  in  Chapter  IV. B. 5),  it  can  be  described  fully  by  the 
following  seven  equations: 


Cu 


2+  4-  '  2- 

+  Y  ^  CuY  ;  K5 


[CuY2~] 


C,jY  [Cu2+][Y] 


tot 


mH+  +  Y4-  ^  MY(4_n)“;  =  -^MY,  - - L 

™  [Mn+][Y]tot 


Cu2+  f  L"1-  ^  CuL<n-2)-;  K-  = 

CUL  ^u2+HL,tot 


C°  =  [Cu2+]+[CuY2  ]+[CuL(m  2)~] 

L»U 


C°  =  [Mn+] +  [MY(4_n)_] 
M 


°Y  =  tY]tot+  [CUY2  1  +  [HY(4"n)‘ 


CL  ■  U-!tot+tCuL("-2,-l 


(51) 

(52) 

(53) 

(54) 

(55) 

(56) 


(57) 
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where  C°  ,  C°  ,  C°  ,  and  C°  are  the  total  concentrations  of  the 
Cu  Y  M  L 

respective  species  in  all  combinations  and  [Y ] ^ >  [Ml  and  [L]^^ 

are  the  concentrations  of  the  free  ligands  in  all  ionized  forms. 

A  singular  equilibrium  solution  can  be  found  for  any  combination  of 
values  of  the  above  parameters.  However,  evaluation  of  every  individ¬ 
ual  case  leads  to  a  spectrum  of  redundant  solutions.  For  this  reason, 

we  have  transformed  the  measurable  variables  into  dimensionless  param- 

o 

eters,  relating  each  quantity  to  C  ^  or  K  £uy.  The  parameters  used 
are: 


c  =  [Cu2+]/C°Cu 

(58) 

“  =  CVC°Cu 

(59) 

*  f  =  CVC°Cu 

(60) 

6  "  VcuY 

(61) 

6*=  K’cuY  •  C°Cu 

(62) 

6  =  K,CuL/K’cuY 

(63) 

A  =  C°  /C° 

L  Cu 

(64) 

To  simulate  a  solution  highly  buffered  with  a  Cu  -complexing 

ligand  (i.e.,  phthalate  or  THAM) ,  we  can  assume  that  C°^  is  in  great 
o 

excess  over  C  In  this  case,  we  can  state 


[L] 


tot 


if  C 


>> 


(65) 


since  only  an  insignificant  amount  of  L  can  be  in  the  CuL  complex. 


Equations  51  to  57  can  then  all  be  combined  for  a  solution  in  terms 
2+ 

of  [Cu  ],  and  the  dimensionless  parameters  defined  in  Equations  58 

to  64  can  be  substituted  for  the  terms  in  this  master  equation.  This 

treatment  results  in  an  equation  cubic  in  terms  of  c",  the  fraction  of 

total  copper  which  is  uncomplexed.  The  equation  contains,  in  addition 

to  T,  only  parameters  dealing  with  the  total  amounts  of  each  species 

and  formation  constants  of  the  complexes  involved,  again  all  relative 

to  C°  and  K'  v: 

Cu  CuY 

F3{8*(1-  8)[1  +  (A6B*)2]  -  2B8*(A66*)}  +  F2{B8*(1  +  A68*)(a-  f  +  2)  + 
B*(f-  1)  -  8[1  +  (A6B*)2]  +  A5B*(1-  2B)  +  l}  + 

c(B3*(f- 1- a)  +  2B(1  + A6B*)  -  1  -  8  =  0  (66) 


For  any  combination  of  parameters  in  the  above  equation,  a  real 

% 

positive  root  can  be  found  for  c".  Equilibrium  response  curves  can  be 

calculated  by  setting  B,  8*,  A,  6,  and  f  constant,  varying  a,  and 

solving  the  equation  for  c.  With  this  treatment,  sigmoidal  curves 

result,  with  c  approaching  a  specific  value  set  by  the  values  of  the 

fixed  parameters  at  very  low  values  of  ot,  and  approaching  1.0  at  high 

2+ 

values  of  a.  This  type  of  curve  is  expected,  since  the  amount  of  Cu 

in  the  system  cannot  be  lowered  below  the  value  without  any  other  metal 

ion  added,  and  when  large  amounts  of  metal  ions  are  added,  eventually 
2+ 

all  Cu  will  be  liberated. 

Competing  ligands  (represented  by  A6)  will  be  discussed  only  at  the 
end  of  this  section,  since  they  can  only  diminish  the  sensitivity  of 
the  detector  (vide  infra).  Thus,  setting  A6  equal  to  zero  gives  the 
more  manageable  equation 
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•53{B*(l-  8)  +  c2{BB*(a  +  2  -  f)  +  B*(f  -  1)  -  B  +  1}  + 

c{BB*(f- l-a)  +  2B- 1}- B  =  0  (67) 


As  will  be  seen,  the  most  important  case  for  our  purposes  occurs 
when  f  is  exactly  equal  to  one,  and  Equation  67  further  reduces  to 

-  B)}  +  c2(BB*(ct+  1)  -  B  +  1}  +  c(B(2-  8*a)  -  1}  -  B  =  0  (68) 


The  theoretical  response  curves  were  calculated  on  a  Data  General 
Corporation  Nova  II  minicomputer  with  32K  bytes  of  core  memory  using 
the  Data  General  BASIC  language. 

We  first  attempted  to  evaluate  the  equations  in  their  original  form 
with  an  exact  general  cubic  equation  solution.  Numerical  errors  in  our 
case  on  the  Nova  II  (due  to  the  limited  precision  of  the  BASIC  software 
and  the  wide  dynamic  range  between  the  parameters  involved)  were  very 
serious.  We  subsequently  rearranged  the  equations  into  forms  in  which 
a  could  be  back-calculated  from  c,  i.e.,  for  Equation  67: 


c3(B*(1 


B)>  +  c2(BB*(f 


2)  +  8(2  -  f)  ■ 
r(c  -  1)88* 


l}  +  c(B8*(l-  f) 


1}  +  8 


this  form  proved  to  be  tractable  with  the  Nova  II,  and  all  the 
succeeding  theoretical  response  curves  were  constructed  by  calculating 
or  d(log  a)/d(log  c")  from  c. 

The  curves  were  then  plotted  on  a  Hewlett-Packard  Model  7001  X-Y 
recorder  using  an  OLIS  3600  general-purpose  interface  built  specifi¬ 
cally  for  the  Nova  computer  and  an  assembly  language  plotting  program 
developed  in  our  laboratory. 

Because  of  the  logarithmic  response  of  an  ion-selective  electrode 
to  seosed-ion  concentration,  a  logical  representation  of  the  detector 
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response  is  shown  in  a  plot  of  log  c  vs  log  ot.  This  form  gives  a  real¬ 
istic  picture  of  the  sensitivity  of  the  detector,  since  the  measured 
potential  noise  is  not  a  function  of  the  sensed  ion  concentration. 
Figure  5  is  a  plot  of  log  c  vs  log  &  calculated  with  Equation  67 

for  the  case  f  =  1.0  (C°  =  C°  )  and  3  =  10  .  We  have  varied  6 

Cu  I 

3  ~6 

from  10  to  10  .  These  values  simulate  the  experimental  conditions 

used  in  our  detector,  i.e.  ,  an  0.01  M  solution  of  CuEDTA  at  a  pH  of 

4.0.  The  concentration  of  CuEDTA  was  selected  for  detection  of  metals 

-2  -5  _  -7 

in  the  micromolar  range  (when  [CuEDTA]  =10  ,  an  a  =  10  =  10  M 

metal  ion,  whereas  with  [CuEDTA]  =  1.0,  a  =  10  =10  M  metal  ion), 

and  the  pH  was  selected  as  a  compromise  between  prevention  of  metal  ion 
hydrolysis  (greater  at  high  pH),  acceleration  of  the  ligand  exchange 
kinetics  (often  faster  at  lower  pH  in  this  region  (56,100-104),  and  the 
strength  of  the  metal-EDTA  complexes  (generally  greater  at  higher  pH  in 
this  region  (106). 

The  figure  shows  that  at  values  of  a  approaching  zero,  c  approaches 
a  level  set  only  by  3*,  or  the  normalized  strength  of  the  CuEDTA 
complex.  At  low  but  finite  Ot,  the  magnitude  of  c  is  largely  indepen¬ 
dent  of  3  (the  relative  strength  of  the  metal-EDTA  complex).  Here,  the 
perturbation  of  the  original  Cu  +  EDTA  s2  CuEDTA  equilibrium  is  small, 
and  essentially  complete  displacement  of  Cu(II)  occurs. 

As  a  increases,  however,  the  rise  of  "c  becomes  increasingly  depen- 

3 

dent  on  $.  The  uppermost  curve,  calculated  for  3  =  10  ,  shows  essen¬ 
tially  total  displacement  of  Cu(Il)  over  the  entire  length  of  the 
curve.  A  sharp  break  occurs  at  log  a  =  0  (ex  =  1.0),  since  the  limiting 
value  for  log  ~c  is  zero  (all  Cu(II)  is  displaced  from  the  EDTA 


Figure  5.  Theoretical  Logarithmic  Plots  of  Dimensionless  (Jhccmplexed 
Cu(II)  Concentration  vs  the  Dimensionless  Total  Metal  Ion 
Concentration . 


All  plots  were  computed  from  Equation  67  with  8*  =  10^  and  f  =  1.0000 

A.  8  =  103  (  *  ) - 


B.  8  =  1.0  (  A  ) • 

C.  8  =  0.1  (  o  ) . 

D.  8  =  0.01  (  +  )• 
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complex).  At  this  point,  c  is  approximately  0.999.  As  B  decreases, 
the  curves  fall  from  this  line,  showing  decreased  Cu(II)  displacement 
for  fixed  values  of  a. 


The  slope  of  the  curve  log  a  vs  log  c"  predicts  the  uncertainty  in 
determining  log  a  assuming  a  constant  uncertainty  in  log  c,  or  in  this 
case,  a  constant  uncertainty  in  the  measured  electrode  potential.  This 
is  mathematically  equivalent  to  the  relative  uncertainty  in  a(Aa/a) 
arising  from  a  constant  relative  uncertainty  in  c  (kcfc)  as  can  be 
shown: 


d(lna) 

dx 

1  da 
a  dx 

(70) 

d(lnc) 

dx 

=  1  dc 
c  dx 

(71) 

d(lna) 

da /a 

(72) 

d(lnc) 

cfc/c 

where  x  is  a  dummy  variable  used  only  for  the  derivation. 

Since  a  is  the  ratio  C  „/C°  ,  this  describes  the  relative  uncer- 

M  Cu 

tainty  in  the  concentration  of  the  metal  of  interest  assuming  a 
specific  uncertainty  in  the  measured  electrode  potential. 

Figure  6  is  a  plot  of  d(  loga) /d(  log  c")  vs  a  for  the  same  conditions 
as  Figure  5.  The  function  d( log«)/d( log  "c)  is  the  inverse  slope  of  the 
curves  plotted  in  Figure  5,  since  in  an  analytical  situation,  a  will  be 
determined  from  c". 

The  figure  shows  that  the  highest  possible  precision  in  the  deter¬ 
mination  of  a  is  found  under  conditions  such  that  Cu(IT)  is  totally 
displaced  from  the  complex  (high  B  or  moderate  B  and  low  a),  as  would 
be  expected.  At  extremely  low  values  of  a,  precision  is  degraded 


-  .IniWUn,  <«*>"*».. 
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Figure  6.  Theoretical  Plots  of  the  Slope  of  Dimensionless  Total  Metal 
Ion  Concentration  with  Respect  to  Dimensionless  Uncomplexed 
Cu(II)  Concentration  vs  the  Dimensionless  Total  Metal  Ion 
Concentration. 


All  plots  were  computed  from  Equation  67  with  6*  «*  10^  and  f  =  1.0000. 

A.  6  -  103  (  x  ). 

B.  6=1.0  (A). 

C.  6  -  0.1  (  o  ). 

D.  6  ■  0.01  (  +  ). 

E.  6  s*  10“4  (  A  ) . 

F.  6  -  10~6  (  •  ). 
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because  the  background  level  of  c  is  higher  than  the  amount  added  by 
the  introduction  of  the  second  metal. 

Values  of  6  lower  than  that  needed  to  cause  total  displacement  of 
Cu(ll)  yields  slightly  degraded  precision  at  low  a,  but  do  not  exhibit 
the  sharp  break  at  log  a  =  0. 

The  highest  values  of  a  shown  in  Figures  5  and  6  are  not  realized 

experimentally  in  the  detector,  due  to  solubility  limits  of  the  metal 

o  .  A  .  , 

ions  (C  Cu  in  the  detector  is  0.01  M,  so  a  *  10  is  equivalent  to  100  M 

metal  ion) ,  but  if  C°Cu  were  lowered  and  the  pH  adjusted  to  keep 

constant,  response  at  high  values  of  a  might  be  possible. 

Figure  7  is  another  plot  of  log  "c  vs  log  a,  this  time  using  a  fixed 

*  6  12 

g  of  0.01  and  f  of  1.0,  but  varying  g  from  10  to  10  .  This  repre¬ 

sents  the  case  in  which  the  absolute  metal-complex  strengths  were  varied, 

% 

but  their  strengths  relative  to  each  other  remained  constant.  This  type  of 

situation  can  occur  when  the  pH  of  the  solution  with  a  multiionizing  ligand 

is  changed,  varying  0  in  Equation  46,  and  K'  in  Equation  48.  If  the  pH 

MY 

is  raised  enough  so  that  one  metal  hydrolizes,  8  will  also  change, 

according  to  Equations  49  and  50,  or  when  the  ligand  is  changed  with  the 

metal  ions  remaining  the  same,  since  similar  ligands  (e.g.,  EDTA  and  trans 

-1,2  cyclohexanediaminetetraaccetic  acid  (CyDTA))  have  approximately  the 

same  relative  formation  constants  for  metal  ion  pairs. 

By  varying  g*,  the  response  at  the  lower  end  of  the  log  a  range  is 

affected,  since  residual  ~c  is  again  determined  only  by  8*,  reaching  a 

limiting  value  of  1/  8  *  as  a  approaches  zero. 

Figure  8  expands  the  model  to  include  the  condition  of  f  not  equal  to 

8 

unity.  In  this  figure,  g  and  8*  are  fixed  at  10  and  10  ,  respectively, 


6? 


Figure  7.  Theoretical  Logarithmic  Plots  of  Dimensionless  Unccmplexed 
Cu(II)  Concentration  vs  the  Dimensionless  Total  Metal  Ion 
Concentration . 


All  plots  were  ocnputed  from  Equation  67  with  6  =  0.01  and  f  =  1.0000. 


A. 

0*  =  106 

( 

A  ). 

B. 

6*  =  108 

( 

o  ). 

C. 

0*  =  109 

( 

x  )  . 

D. 

0*  =  1010 

( 

A  ). 

E. 

0*  =  1012 

( 

•  ). 
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Figure  8.  Theoretical  logarithmic  Plots  of  Dimensionless  Hnoartplexed 
Cu(II)  Concentration  vs  the  Dimensionless  Total  Metal  Ion 
Concentration. 


All 

plots  were 

oorrputed  fran 

A. 

f  =  0.9995 

( 

A  )  .  - 

B. 

f  =  0.9999 

( 

0  )• 

C. 

f  =  1.0000 

( 

x  ). 

D. 

f  =  1.0001 

( 

A  ). 

E. 

f  =  1.0005 

( 

•  ). 
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and  f  is  varied  from  0.9995  to  1.0005.  Calculations  with  variable  f  simu¬ 
late  the  case  where  the  Cu(II).'EDTA  ratio  in  the  complex  is  not  exactly 
unity.  This  situation  can  occur  from  adsorption  of  either  component  onto 
the  surface  of  the  precipitated  CuEDTA  when  it  is  prepared  (vide  infra) . 

At  a  value  of  f  greater  than  1,  the  curve  is  distorted  to  where  log  cf 
is  lower  than  the  case  of  f  equal  to  1.  The  slope  of  the  curve  is  greater 
than  1  over  a  short  range,  where  the  excess  ligand  is  being  titrated  by  the 
addition  of  the  second  metal,  and  gradually  merges  into  the  curve  of  f 
equal  to  1. 

When  f  is  less  than  1,  the  response  to  addition  of  metal  ions  is 
suppressed  at  low  a,  sinte  the  limiting  value  of  log  "c  is  higher  than  for  f 
equal  to  1,  due  to  the  excess  of  free  Cu(ll).  This  restricts  the  utility 

of  the  system  for  measuring  low  levels  of  metals. 

% 

The  implications  of  the  condition  of  excess  free  Cu(II)  are  shown  in 

Figure  9.  In  the  upper  curve  0  =  1.0,  0*  =  10^  and  f  =  0.9999.  In  the 

8 

lower  curve,  0  =  1.0,  0*  =  10  ,  and  f  =  1.0.  Using  this  example,  the 
limiting  values  of  log  c  for  the  two  cases  are  within  0.01,  indistinguish¬ 
able  in  a  potent iometric  experiment.  If  f  equal  to  1  were  assumed,  giving 
the  lower  curve  from  the  limiting  log  cT  value,  and  the  upper  curve  were  the 
actual  analytical  function,  a  positive  error  of  0.3  log  unit  could  result 
in  determining  log  a  from  log  c",  or  a  100%  positive  error  in  the  value  of  a. 
Thus,  at  even  very  low  imbalances  in  the  Cu(II):EDTA  ratio,  f  needs  to  be 
incorporated  into  the  analytical  equation. 

Also,  in  Figure  9,  all  curves  with  f  =  0.9999  and  B*  greater  than 
10^  are  identical  (within  0.01  log  unit  in  the  values  of  log  c),  so 
no  information  can  be  obtained  about  the  strength  of  the  CuEDTA  complex 
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Figure  9.  Theoretical  logarithmic  Plots  of  Dimensionless  Unoortplexed 
Cu(II)  Oonoentration  vs  Dimensionless  Tbtal  Metal  ion 
Concentration . 


All  plots  were  computed  from  Equation  67  with  6  =  1.0. 

A.  0*  =  1010,  f  =  0.9999  (  x  ). 

B.  8*  *  108,  f  =  1.0000  (  t  ) . 
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except  that  it  is  greater  than  or  equal  to  10  .  If  an  extremely  low 

detection  limit  is  not  mandatory,  then  a  small  amount  of  excess  Cu(II) 
can  be  added  to  the  CuEDTA  solution  to  fix  the  response  function, 
provided  that  1/  0  *  is  less  than  one  percent  of  1-f. 

Finally,  Figure  10  takes  into  account  the  complete  Equation  65, 
with  A6  not  equal  to  zero.  This  is  the  case  where  a  second  ligand  is 
introduced  which  complexes  with  Cu(ll),  such  as  many  pH-buffering  ions 

will.  The  figure  was  constructed  for  the  case  f  =  1.0,  g  *  0.01, 

*  10  -4 

g  =  10  ,  and  A6  is  varied  from  zero  to  10  (with  1M  potassium 

biphthalate  as  the  second  ligand  at  pH4  for  buffering,  A6  would  be 

approximately  10  **) .  It  clearly  shows  that  adding  a  second  ligand 

n+ 

lowers  the  Cu(II)  concentration  at  a  specific  level  of  M  ,  and 

extends  the  "linear"  segment  of  the  curve,  as  is  intuitively  expected. 

n+ 

However,  the  sensitivity  of  the  system  at  low  levels  of  M  is  greatly 
reduced,  damaging  the  utility  of  the  detector.  The  larger  A6  used,  the 
more  sensitive  the  actual  measurement  device  a_t  lower  Cu( II)  levels 
would  be  needed.  Therefore,  unless  sensitivity  is  not  a  problem  (as 
might  be  the  case  with  very  strongly  complexing  ligands  and  coulometric 
detection),  the  introduction  of  a  second  ligand  in  the  system  should  be 


avoided . 
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Figure  10.  'theoretical  Logarithmic  Plots  of  Dimensionless  Unconplexed 
Cu(II)  Concentration  vs  the  Dimensionless  Total  Metal  Ion 
Concentration . 


All  plots  were  ocrrputed  from  Equation  66  with  B  =  0.01,  3*  =  1010, 


and 

f  =  1.0000. 

A. 

A<S  =  0.0  (  o 

B. 

A6  =  i(f10<  A 

C. 

A6  =  10~8  (  x 

D. 

A6  =  10“6  (  □ 

E. 

A6  =  io-4  (  + 
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III.  Experimental 


A.  Electrochemical  Cell 

The  potentiometric  cell  used  in  this  work  contains  a  saturated 
calomel  electrode  (SCE)  and  a  cupric-ion  selective  electrode.  The  SCE 
was  separated  from  the  analyte  solution  by  immersing  it  in  a  tube 
filled  with  0.1  M  KNO^  solution  and  connected  to  the  analyte  solution 
via  a  plug  of  unfused  Vycor  glass  ("Thirsty  Glass,"  Corning  Glass 
Works).  This  arrangement  was  used  to  prevent  chloride  leakage  into  the 
analyte  solution  in  experiments  in  which  a  dip-type  electrode  was  used, 
and  to  prevent  any  unknown  effects  in  the  ceramic  frit  of  the  SCE  such 
as  a  precipitate  forming  and  blocking  the  frit  (vide  infra). 

The  cell  can  be  depicted  diagramatically  as  follows: 

CuS , 

Hg|Hg2Cl2|KCl(sat.) | |1KN03(0.1M) | | 2M" | Cu2S , | Ag  (73) 

Ag2S, 

Liquid  junction  1  is  the  porous  ceramic  frit  of  the  SCE,  and  liquid 
junction  2  is  the  Vycor  plug,  which  acts  as  an  ion-exchange  membrane, 
allowing  negligible  mixing  of  solutions  on  either  side  of  the  membrane 
while  maintaining  a  low  resistance  electrical  path.  The  solution 
designated  MX  is  the  analyte  solution,  containing  KNO^,  CuEDTA,  and 
sometimes  other  cations  and  anions. 

As  discussed  previously,  liquid  junction  potentials  exist  at  any 
ion-conducting  interface  between  two  solutions  which  are  not  identical. 
By  using  solutions  of  constant  composition  on  either  side  of  liquid 
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junction  1,  the  liquid  junction  potential  ia  kept  constant,  and  can  be 
compensated  for  electrically.  Johansson  and  Edstrom  (106)  have 
measured  the  potential  between  two  double  junction  reference  electrodes 
with  various  bridge  filling  solutions  and  an  analyte  solution  between 
the  electrodes  containing  KN03  and  varying  concentrations  of  CuiNO^. 
Their  cell  was  configured 

AgCl(sat . ) ,  KN03,  AgCl (sat . ), 

Ag|AgCl|KCl  (sat.)| |KN03(2M)| |Cu(N03)2| |MX| |KC1  (sat. ) |AgCl |Ag  (74) 

where  the  concentrations  of  KN03  and  CufNO^  in  the  center  compartment 
were  varied,  and  MX  was  either  KN03  (1M),  NaNO^  (1M),  KC1  (sat.),  or 
Orion  90-00-02  filling  solution  (0.7  M  KC1 ,  1.5  M  KN03 ,  and  small 
amounts  of  NaN03  and  AgNO^) .  When  the  ionic  strength  of  the  center 
compartment  was  kept  at  0.3  M  with  KNOj,  the  bridge  solutions  (MX) 
containing  KN03  or  KC1  gave  essentially  invariant  junction  potentials. 

In  the  case  of  KN03 ,  since  the  two  bridges  contain  the  same  ions  indif¬ 
ferent  concentrations,  this  shows  that  the  influence  of  small  (<  0.01  M) 
amounts  of  Cu(N03)2  in  a  much  stronger  solution  of  KN03  do  not 
seriously  affect  the  liquid  junction  potential  against  KN03  solutions. 
This  property  enables  us  to  use  the  reference  electrode  with  liquid 
junction  in  our  system. 

B.  Electronics 

Potent iometric  measurements  were  made  with  a  homemade  electrometer, 
consisting  of  an  instrumentation  amplifier  with  a  fixed  gain  of  10  and 
an  inverting  amplifier  with  switchable  gain  of  0.3,  1.0,  3.0  and  10.0. 
The  electrometer  thus  has  a  switchable  overall  gain  of  3.0,  10.0,  30 
and  100.  A  diagram  is  given  in  Figure  11  and  parts  are  listed  in  Table 
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II.  The  instrumentation  amplifier  is  a  common  subtractor  (107)  with  a 

variable  offset  built  into  one  arm.  The  circuit  has  been  used 

previously  in  the  measuring  circuit  of  an  electrochemical  pH-stat  by 

Adams,  Betso  and  Carr  (108).  The  Analog  Devices  515J  amplifiers  are 

13 

FET-operational  amplifiers,  with  an  input  impedance  of  10  ohms,  and 
the  Burr-Brown  3142  operational  amplifier  was  selected  for  its  very  low 
voltage  noise  specifications.  This  configuration  allows  two  high- 
impedance  electrodes  to  be  used  for  measurement  and  reference,  and 
requires  a  third  low-impedance  contact  to  the  solution,  which  was 
accomplished  in  this  work  by  a  stainless-steel  hypodermic  needle. 

The  signal  was  then  fed  to  an  inverting  low-pass  filter  with  a  time 
constant  (RC)  of  approximately  1  sec.  This  was  used  to  filter  out  60 
Hz  pickup  in  the  flow  system  which  was  transmitted  to  the  electrodes 
and  any  other  high-frequency  noise  which  arose  before  the  filter. 

For  measurements  of  electrode  potentials,  the  signal  from  the 
proceeding  circuits  was  fed  directly  into  a  Perkin-Elmer  Model  56 
recorder.  We  converted  electrode  potentials  directly  to  copper  (II) 
concentrations  with  an  antilog  transducer  constructed  in  the  labora¬ 
tory.  The  transducer  is  shown  schematically  in  Figure  12,  and 
components  are  given  in  Table  III.  The  heart  of  the  transducer  is  an 
Analog  Devices  Model  752N  Logarithmic  Transconductor.  The  752N  is 
designed  to  take  the  antilog  of  an  input  voltage  according  to  the 
transfer  function 
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Figure  11.  Schematic  Diagram  of  the  Differential  Electrometer. 

Bor  Oonponent  values  and  types,  see  Table  II. 

A.  Instrumentation  anplifier,  gain  =  10. 

B.  Inverting  anplifier^  gain  =  0.3,  1.0,  3.0,  10. 
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Table  II.  Components  Used  in  the  Circuit  in  figure  11. 


Resistors : 

All  fixed  resistors  are  metal  film,  1/A  W,  1%  tolerance. 
R1  -  80.6  Kfl. 

R2 ,  R3 ,  R6 ,  R7 ,  R9  -  10  K& 

RA,  R5,  Rll  -  100  Kft. 

R8  -  3.01  KH. 

R10  -  30.1  Kft. 

PI  -  10  R£2,  ten-turn  potentiometer,  0.5%  linearity. 


Switches : 

51  -  Double-pole,  double-throw  toggle. 

52  -  Single-pole,  four-position  rotary. 

Battery: 

B1  -  Two  mercury  cells,  each  1.35  V  in  series. 

Operational  Amplifiers: 

OAl ,  0A2  -  515J  Electrometer  FET-input  (Analog  Devices). 
0A3,  OAA  -  31A2  General  purpose,  low  drift  (Burr-Brown). 


Figure  12.  Schematic  Diagram  of  the  Antilog  Transducer  for  Potential 
to  Cu(II)  Concentration  Conversion. 


For  ccrponent  types  and  values,  see  Table  III. 
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Table  III.  Components  Used  in  the  Circuit  in  Figure  12. 


Resistors ; 


All 

fixed  resistors  are  metal  film, 

i/4  W,  1%  tolerance 

Rl, 

R2  -  200  Kf2. 

R3 , 

R6  -  20  K(2. 

R4, 

R5  -  600  Kfi. 

R7  - 

585  (2. 

R8  - 

26.1  Kft. 

R9  - 

10  m. 

RIO, 

Rl 1  -  220  Kft. 

PI  - 

100  Ki),  ten-turn  potentiometer, 

0.5%  linearity. 

P2  - 

10  K0,  ten-turn  potentiometer, 

0. 5%  linearity. 

P3  - 

50  Kfi,  22-turr.  trimpot. 

P4  - 

1  Xii,  22-turn  trimpot. 

P5  - 

2  Kf2,  22-turn  trimpot. 

C  a  p  a 

citor: 

Cl  - 

0.5  PF  Tantalum,  10%  tolerance. 

Swi tches  r 

SI,  S2  -  Single-pole,  double-throw  toggle. 

Integrated  Circuits: 

OAl ,  0A2 ,  0A3,  0A5  -  LM74ICN  General  purpose  operational  amplifier 
(National  Semiconductor). 

0A4  -  3342  FET-i-put  operational  amplifier  (Burr-Brown) 

IC1-752N  Logarithmic  Transconductor  (Analog  Devices) 
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where 

-2  <  e,  /K  <  2  (76) 

~ ■  In 

so  that  four  decades  of  output  (approximately  1  mV  to  10  V)  can  be 

obtained.  In  Figure  10,  I  is  set  by  R8  and  P5,  K  is  set  by  P4,  R 

ret  r 

is  R9  (on  0A4),  and  E  is  determined  by  the  trim  resistor  on  0A4  (not 

os 

pictured) . 

The  circuit  in  Figure  12  was  designed  to  permit  maximum  flexibility 
in  the  input  signal  requirements.  The  752N  has  a  monotonic  input  slope 
(-e^n/K)  requirement,  so  OA1  is  an  inverter  amplifier  with  a  gain  of  -1, 
which  can  be  switched  in  or  out.  This  allows  the  user  to  provide 
either  positive  or  negative  input  voltages.  The  electrometer  we  used 
has  variable  gain,  because  ion-selective  electrodes  do  not  always  have 
a  perfectly  Nernstian  slope  (34).  This  necessitates  that  the  exponen¬ 
tial  component  of  the  transfer  function  (-e.  /K)  be  variable  in  order 

m 

to  accept  different  electrodes.  Amplifier  0A2  is  an  inverter  with  a 
gain  of  -P3/P1  (or  P2).  P3  is  set  at  approximately  25  Kfi,  and  PI  or  P2 
can  be  varied  to  produce  a  gain  of  -0.25  to  -25.  The  752N  is  adjusted 
hv  P4  to  have  a  scale  factor  K  of  250  mV/decade.  Thus,  0A2  can  be 
ad  iusted  to  accept  input  voltages  of  10  mV/decade  to  1  V/decade.  The 
potentiometers  were  placed  in  the  input  stage  of  0A2  to  permit  direct 
setting  of  the  decade  sensitivity  from  the  dial,  as  this  is  inversely 
proportional  to  the  gain  of  0A2 ,  and  thus  proportional  to  PI  (or  P2)  if 
the  feedback  resistor  ( P 3 )  remains  constant. 

Tn-i  transfer  function  of  the  752N  is  followed  only  when  Equation  75 
satisfied.  For  K  equal  to  250  mV/decade,  this  requires  that 
is  between  -0.5  V  and  +0.5  V.  The  transfer  function  of  0A3  is  ''109): 
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With  the  resistor  values  in  Table  3  and  e.  (-)  equal  to  +15  V,  a 

in 

constant  0.5  V  is  subtracted  from  the  input  signal  (which  is  gained  by 
+1).  This  enables  us  to  use  the  full  input  range  to  the  752N. 

0A4  is  a  current  to  voltage  converter  which  is  required  when  using 
the  752N  in  the  antilog  mode. 

0A5  is  a  single-pole  inverting  filter  with  a  time  constant  (RC)  of 
1  sec  to  eliminate  high  frequency  noise  on  the  output  of  the  instrument. 

The  transducer  is  calibrated  straightforwardly,  in  sequence  from 
OA1  to  0A5.  Using  reference  voltage  source  (Analog  Devices  AD2700L)  as 
the  input,  the  output  of  the  device  is  within  1.5%  of  theoretical 
output  from  zero  to  10  volts  (four  decades  of  output). 

C.  Flow  System  Design 

the  detector  is  a  flow  reactor  system  in  which  the  chromatographic 
eluent  is  mixed  with  a  solution  of  CuEDTA.  The  combined  stream  flows 
through  a  delay  coil  and  the  free  Cu(II)  released  by  the  ligand 
exchange  reaction  is  monitored  with  a  flow-through  cupric-ion  selective 
electrode.  The  electrode  measures  free  Cu(II)  released  after  a  known 
time  interval  after  the  liquid  flows  through  a  delay  coil  of  fixed 
volume  at  a  specific  flow  rate.  The  two  parameters  (delay  coil  volume, 
flow  rate)  are  adjusted  to  allow  the  reaction  to  proceed  to  steady- 
state,  so  that  the  response  to  metal  ions  can  follow  the  theory  derived 
in  the  preceding  section. 

A  schematic  diagram  of  the  detector  is  shown  in  Figure  13.  The 
components  which  are  placed  before  the  point  at  which  the  CuEDTA  stream 
is  mixed  with  the  chromatographic  eluent  are:  (1)  reservoir  of  CuEDTA, 
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Figure  13.  Schematic  Diagram  of  tie  Metal  Ion  Detector. 


A.  Reservoir  of  Reactant  Solution,  typically  0.01  M  CuEDTA  in  0.1  M 
KN03,  pH  4.0. 

B.  Peristaltic  pump,  flew  rate  variable  from  0.25  rnL/min  to  4.0  ml/min. 

C.  Drop  decoupler,  for  details,  see  text. 

D.  Flow  restrictor,  1  m  of  0.3  rtm  I.D.  Teflon  tubing. 

E.  Column  effluent  junction,  lew  volume  "tee"  connector. 

F.  Heated  delay  coil,  2  in  of  0.5  irn  I.D.  Teflon  tubing  inside  75 °C 
water  bath. 

G.  Room  tenperature  delay  coil,  0.5  m  of  0.5mm  I.D.  Teflon  tubing 
inside  room  temperature  water  bath. 

H.  Flow-through  cupric  ion-selective  electrode,  for  details  of  construc¬ 
tion,  see  text. 

I.  Waste  reservoir,  1400  mL  capacity,  also  used  for  roan  tenperature 
water  bath  and  as  conducting  medium  for  potentiate  trie  cell. 

J.  Saturated  calomel  reference  electrode,  inmersed  in  0.1  M  KNCb  and 
electrically  connected  to  was re  reservoir  by  disk  (3  nm  dia. 

x  3rrm  thick)  of  "Thirsty  glass"  (porous  Vyoor) . 

K.  Common  electrode,  stainless  sceel  hypodermic  needle. 

L.  Differential  electrometer,  for  details,  see  text. 

M.  Antilogarithmic  Transducer,  for  details,  see  text. 

N.  IWo-pen  strip-chart  recorder,  for  cell  potential  and/or  concentration 
measurements . 
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(2)  pump,  (3)  drop  decoupler  (vide  infra ) ,  and  (4)  flow  restrictor. 


After  the  stream  and  chromatographic  eluent  are  mixed  come  the 
following  elements:  (1)  delay  coil  (heated  bath),  (2)  delay  coil  (room 
temperature  bath),  (3)  flow-through  cupric  ion-selective  electrode,  (4) 
tube  to  waste  reservoir,  (5)  waste  reservoir,  (6)  reference  electrode, 
and  (7)  ground  electrode.  The  potential  between  the  measuring  (cupric 
ion)  and  reference  electrodes  is  measured  with  a  laboratory-built 
electrometer,  and  the  potential  is  converted  to  free  Cu(Il)  concentra¬ 
tion  with  a  laboratory-built  antilog  transducer  whose  slope  (volts 
input/decade  output)  can  be  varied  continuously  from  10  mV/decade  to 
l  V/decade  (see  Electronics). 

The  reagent  reservoir  is  a  Pyrex  flask  or  bottle  loosely  covered  to 
exclude  dust.  Solutions  are  prepared  as  discussed  later.  All  tubing 
except  the  pump  tubing  is  Teflon  (0.5  mm  I.D.  x  1.5  mm  O.D.,  from  Altex 
Scientific,  Inc.,  Berkeley,  CA  94710,  and  Bolab,  Inc.,  Derry,  NH  03038), 
which  is  interconnected  with  1/4  x  20  threaded  male,  female,  and  tee 
connectors  (Altex).  The  pump  was  constructed  in  our  laboratory  from  a 
peristaltic  pumphead  (Cole-Parmer  "Masterflex"  No.  7013,  Chicago,  1L 
60648)  with  0.76  mm  I.D.  x  4.1  mm  O.D.  Tygon  pump  tubing  (Cole-Parmer), 
The  pumphead  is  turned  by  a  200  s teps-per-revolut ion  stepping  motor 
(Rapid-Syn  Model  34D-9106A,  Santa  Fe  Springs,  CA)  which  is  controlled 
by  a  UPDN-1  driver  (Rapid-Syn)  and  powered  by  two  single-ended  DC  power 
supplies  (Lambda  Model  LMEE28,  28  volts  and  LMH3P6,  0  to  5  volts 
adjustable,  Melville,  NY).  The  pumping  rate  is  controlled  by  means  of 
an  external  potentiometer  on  the  UPDN-l  driver. 


After  the  pump,  the  flowing  solution  enters  a  drop  decoupler  in 
which  it  drips  from  the  Teflon  tubing  into  a  stoppered  Pyrex  test  tube. 


The  stopper  had  to  be  wired  onto  the  test  tube  because  of  pressure 

buildup  inside.  The  solution  exits  from  the  bottom  of  the  test  tube 

through  another  length  of  Teflon  tubing.  The  test  tube  is  angled 
.  o 

approximately  60  near  the  top  so  that  the  solution  entering  does  not 
splash  into  the  solution  at  the  bottom  of  the  tube,  entraining  air. 

Any  trapped  air  will  escape  from  the  solution  inside  tubing  further 
downstream.  Any  bubbles  which  form  interrupt  the  electrical  circuit 
between  the  measuring  and  reference  electrodes  and  drive  the  electro¬ 
meter  output  to  saturation.  This  effect  can  be  seen  with  aqueous 
solutions  at  room  temperature,  but  is  especially  annoying  with  aqueous 
solutions  at  elevated  temperatures,  where  the  solubility  of  most  gases 
is  lower,  or  with  aqueous-alcohol  solutions  at  any  temperature,  where 
the  solubility  of  gases  in  mixed  solvents  and  anomalies  therein  have  to 
be  taken  into  consideration  (110). 

The  drop  decoupler  performs  two  distinct  functions.  First,  it 
isolates  the  potent iometric  system  from  the  peristaltic  pump  electri¬ 
cally  by  introducing  an  air  gap  between  the  two  elements.  As  discussed 
by  Zipper,  Fleet,  and  Perone  (111),  transient  electrostatic  charge  is 
built  up  in  the  solution  pumped  by  a  peristaltic  pump  by  the  continuous 
squeezing  and  releasing  of  the  pump  tubing.  The  air  gap  prevents  this 
charge  from  reaching  the  electrodes.  Without  this  isolation,  fluctua¬ 
tions  synchronous  with  the  pumphead  rotation  in  the  measured  potential 


of  several  millivolts  were  observed. 
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Second,  the  drop  decoupler  acts  as  a  fluid  capacitor  when  followed 
by  a  flow  restrictor  (1  m  of  0.3  mn  I.D.  Teflon  tubing)  to  form  a  pulse 
dampener  for  flow  surges  from  the  pump.  This  is  necessary  to  produce  a 
constant  ratio  of  CuEDTA  to  chromatographic  eluent  when  the  two  streams 
are  mixed.  A  steady  flow  past  the  cupric-ion  electrode  also  makes  it 
less  crucial  for  the  electrode  to  be  absolutely  flow-insensitive.  (For 
a  discussion  of  flow-sensitivity  of  electrodes,  see  Flow-through 
Electrode  Design.) 

The  drop  decoupler  will  still  dampen  flow  pulses  with  both  inlet 
and  exit  tubes  contacting  the  internal  solution,  but  the  lack  of  elec¬ 
trical  isolation  still  allows  the  electrostatic  potential  fluctuations 
to  pass,  which  can  seriously  degrade  the  detector  baseline. 

After  the  flow  restrictor  (described  above),  the  CuEDTA  stream  is 
mixed  with  the  chromatographic  eluent  in  a  Tee-connector  (Altex  model 
7.00-22,  0.8  mm  bore).  The  two  streams  enter  opposing  (180°)  channels 
for  efficient  mixing,  and  the  combined  stream  exits  mutually  perpendic¬ 
ular  to  the  other  two  arms. 

The  CuEDTA-e luent  mixture  flows  through  a  delay  coil  2.5  m  long  x 
0.5  mm  I.D.  This  tubing  has  an  internal  volume  of  approximately 
0.5  mL,  and  thus  represents  a  reaction  time  of  30  seconds  with  a  1  mL/ 
minute  combined  flow  rate.  The  delay  coil  is  immersed  in  a  rectangular 
eight  liter  water  bath.  A  11  a. ike  Model  FE  Constant  Temperature  Circu¬ 
lator  (Saddle  Brook,  NJ  076A2)  circulates  water  through  a  stainless 
steel  coil  inside  the  bath  for  heating,  and  a  Rodine  Model  V10R  Stirrer 
(Chicago,  IL)  is  used  to  stir  the  bath. 
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After  the  combined  stream  exits  the  heated  delay  coil,  it  enters  a 
shorter  (0.5  m  length  x  0.5  mm  I.D.)  delay  coil  in  a  stirred  room 
temperature  (no  temperature  regulation)  bath.  This  second  delay  coil 
allows  the  reaction  to  continue  longer  and  ensures  that  the  measuring 
electrode  will  be  contacting  a  solution  at  room  temperature,  so  that 
possible  thermal  drifts  and  changing  Nernstian  slope  caused  by 
measuring  Cu(ll)  in  an  elevated  temperature  solution  are  eliminated. 
Figure  14  shows  the  room  temperature  segment  of  the  detector. 

The  second  delay  coil  feeds  into  the  cupric  ion-selective  elec¬ 
trode.  This  is  a  flow-through  electrode  designed  in  this  laboratory, 
and  will  be  described  in  detail  later.  An  exit  tube  leads  from  the 
electrode  to  a  1400  mL  Pyrex  beaker  which  is  constantly  stirred  magnet¬ 
ically  and  contains  at  least  600  mL  of  solution  at  all  times.  When  the 
beaker  fills,  excess  solution  is  siphoned  off  and  discarded.  The  solu¬ 
tion  in  the  beaker  acts  first  as  a  heat  sink  for  the  second  delay  coil, 
and  second  provides  an  electrically  conductive  medium  for  the  reference 
and  ground  electrodes. 

The  reference  electrode  assembly  consists  of  a  Fisher  Model 
13-639-63,  saturated  calomel  electrode  (SCE)  with  ceramic  plug  liquid 
junction  immersed  in  a  tube  filled  with  0.1  M  KNO^  which  is  termin¬ 
ated  with  a  small  plug  (0.6  mm  length  x  0.6  mm  diameter)  of  "Thirsty 
Glass,"  as  described  in  the  preceding  section.  The  SCE  is  isolated 
from  the  analyte  solution  for  two  reasons.  First,  we  have  observed 
erratic  response  when  using  a  cupric  ion-selective  electrode  and  an  SCE 
in  solutions  of  CuEPTA  buffered  with  potassium  biphthalate  (KHP).  When 
the  SCE  is  immersed  in  the  above  solution  for  a  few  hours,  the  measured 
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Figure  14.  Construction  of  Roan  Temperature  Potentiometric  Cell. 

A.  Reservoir,  1400  mL  beaker. 

B.  Teflon-  ooated  stirring  magnet. 

C.  Vented  ceramic  platform,  for  liquid  circulation. 

D.  Exit  point  of  heated  delay  coil. 

E.  Room  temperature  delay  coil,  0.5  nt  of  0.5  rm  I.D.  tubing. 

F.  Flow-through  cupric  ion-selective  electrode,  for  details,  see  text. 

G.  Exit  tube  to  waste  (1400  mL  beaker) . 

H.  Saturated  calomel  reference  electrode. 

I.  Reservoir  of  0.1  M  for  reference  electrode. 

J.  "Thirsty  glass"  (porous  Vycor)  electrical  junction,  between  reference 
electrode  reservoir  and  waste  reservoir. 

K.  Ground  electrode,  stainless  steel  hypodermic  needle. 
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potential  drifts  randomly,  and  the  effect  gets  progressively  worse  with 
time.  When  the  SCE  is  removed  to  a  flask  of  deionized  water  for  an 
hour  and  placed  back  in  the  CuEDTA/KHP  solution,  the  drift  disappears. 
We  postulate  that  KHP  is  precipitating  in  or  at  the  outside  edge  of  the 
ceramic  junction,  since  the  inner  electrode  solution  is  saturated  KC1 
('t  4.6  M)  and  this  flows  out  through  the  plug.  If  the  flow  is  blocked 
partially,  it  would  seriously  affect  the  liquid  junction  potential 
across  the  plug  in  incalculable  ways.  We  also  did  not  know  if  any 
other  components  of  the  analyte  were  incompatible  with  the  SCE. 

The  second  reason  for  isolating  the  SCE  from  the  analyte  occurs 
when  using  a  dip-type  electrode  in  a  stirred  beaker.  The  isolation 
prevents  any  chloride  ion  from  flowing  into  the  analyte,  as  chloride 
can  cause  an  interference  in  a  cupric-ion  electrode.  In  order  to  make 
conditions  identical  for  flowing  and  batch  experiments,  an  isolated  SCE 
is  used  in  both  cases. 

The  "common"  electrode  needed  for  the  electrometer  is  a  stainless 
steel  hypodermic  needle  placed  in  the  beaker.  The  type  of  electrode 
used  here  is  noncritical,  since  both  the  measuring  and  reference  elec¬ 
trodes  are  referred  to  its  potential,  and  this  common-mode  potential  is 
cancelled  out  by  the  electrometer  circuitry.  For  this  reason,  this 
simple  third  connection  proved  to  be  adequate. 

D.  Electrode  Sensing  Material 

We  made  the  electrode  material  of  a  mixed  copper- s i lver  sulfide, 
following  the  general  recommendations  of  Heijne  and  van  der  Linden 
(78/.  All  chemicals  we  used  were  reagent  grade,  and  deionized  water 


97 


was  used  in  all  solutions.  We  performed  all  work  up  to  drying  of  the 
final  precipitate  in  a  glove  bag  with  constant  ^  flow. 

We  first  prepared  50  mL  of  each  of  two  solutions,  one  0.67  M  in 
AgNO^  (Drake  Brothers,  Menomonee  Falls,  WI  53051)  and  0.33  M  in  CuCNO^^ 
(J.T.  Baker  Chemical  Co.,  Phillipsburg,  NJ  08865),  and  the  other  1.5  M 
in  Na^S  (Mallenkrodt  Chemical  Works,  St.  Louis,  MO  65160).  In  some 
early  work,  solids  contained  in  the  bottle  of  Cu(N0j)?  used  would  not 
dissolve  completely  in  deionized  water,  and  electrodes  made  using  this 
Cu(N0^)?  did  not  behave  reproduc ibly. 

The  solution  of  Na^S  contained  suspended  particles,  assumed  to  be 
insoluble  heavy  metal  sulfides.  To  prevent  contamination  of  the 
electrode  material  by  these  particles,  we  filtered  the  solution  at  room 
temperature  through  Whatman  No.  40  filter  paper  (Clifton,  NJ  07014) 
before  further  use. 

We  stirred  the  solutions  in  250  mL  beakers  on  a  magnetic  stirrer 
for  at  least  thirty  minutes  before  further  manipulation  to  remove 
oxygen.  Electrodes  made  from  degassed  solutions  have  a  lower  limit  of 
Cu(Il)  response  and  show  less  effect  of  air  oxidation  in  use  than  those 
made  from  air-saturated  solutions  (78). 

Plastic  bags  filled  with  ice  were  then  placed  around  the  solution 

o 

vessels  to  cool  them  to  approx Lmately  10  C  as  stirring  continued.  The 
mixed  AgNO^ /Cu( NO^ )  solution  was  then  drawn  into  a  50  mL  volumetric 
pipet ,  and  added  to  the  50  ml.  of  sulfide  solution  at  a  rate  of  approxi¬ 
mately  one  drop  per  second.  During  this  time,  the  sulfide  solution  was 
stirred  magnetically  just  below  the  point  of  splashing  onto  the  side  of 
the  beaker.  The  ice  bag  was  kept  around  the  side  to  prevent  heating  by 
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the  reaction.  A  black  precipitate  formed  immediately  upon  mixing  of 

the  reactant  solutions,  and  as  addition  of  the  AgNO^/CufNO^^  continued, 

the  power  applied  to  the  magnetic  stirrer  had  to  be  increased,  since 

the  suspension  thickened.  If  the  temperature  of  the  black  suspension 
o 

exceeded  15  C,  addition  was  halted  until  the  temperature  again  dropped 
to  10°C. 

o 

The  suspension  was  stirred  and  heated  at  70  C  for  thirty  minutes 
after  addition  of  the  AgNO^/CuiNO^)^  solution  ended.  The  precipitate 
was  then  allowed  to  settle  and  cool  to  room  temperature  (ca.  3  hours). 
The  yellow  supernatant  was  then  poured  off.  A  100  mL  volume  of  water 
at  room  temperature  was  then  added  and  stirred,  and  the  precipitate 
allowed  to  settle  (5  min).  The  supernatant  was  again  poured  off.  In 
this  manner,  the  precipitate  was  washed  with  consecutive  100  mL  volumes 
of  room  temperature  water  (a  second  time),  hot  (80-90°C)  water,  room 
temperature  water,  room  temperature  0.1  M  HNO^  ,  room  temperature  water, 
and  room  temperature  acetone.  Although  CS7  was  recommended  by  Thompson 
and  Rechnitz  for  a  final  rinse  (77),  it  was  not  used  in  this  work 
because  it  seemed  to  have  no  beneficial  effect  and  had  been  reported 
elsewhere  to  degrade  the  membrane  material  (78).  All  supernatants  were 
clear,  and  the  precipitate  showed  no  visual  change  until  the  addition 
of  the  acetone,  when  the  particles  began  to  move  3round  rapidly  in  the 
solvent . 

After  the  last  wash,  the  precipitate  was  poured  onto  a  watch  glass 
and  nitrogen  was  passed  directly  over  the  surface  of  the  solid  to  dry 
it.  After  two  hours,  the  precipitate  was  placed  in  a  60  mL  capped 


amber  glass  bottle. 
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We  did  not  grind  and  sieve  the  finished  electrode  material,  since 
we  have  found  that  grinding  it  in  a  mortar  and  pestle  aggregates  the 
precipitate,  making  it  hard  to  sieve.  We  found  no  loss  in  performance 
(transient  response,  calibration  curves)  or  physical  properties  (hard¬ 
ness,  ability  to  polish  to  a  smooth  surface)  of  the  electrodes  prepared 
from  unsieved  \^s.  sieved  material,  in  contrast  to  Thompson  and  Rechnitz 
(77)  who  said  that  the  two  types  gave  identical  electrochemical 
response,  but  the  sieved  material  produced  electrodes  which  were  easier 
to  polish. 

E.  Flow-through  Electrode  Design 

We  studied  two  basic  designs  of  flow-through  electrodes,  the  first 
in  which  the  sample  stream  passes  through  a  hole  in  the  electrode 
pellet,  as  suggested  by  Thompson  and  Rechnitz  (77),  and  the  second  in 
which  the  analyte  stream  flows  past  a  flat  surface  of  the  electrode 
pellet,  contained  in  a  removable  cap  fitted  around  the  pellet. 

To  make  flow-through  electrodes  of  the  first  kind,  we  used  the 

following  procedure:  A  pellet  1.3  cm  in  diameter  containing  from  0.5 

to  1.5  g  of  electrode  material  was  pressed  at  75,000  to  100,000  p.s.i. 

for  20  minutes  or  longer.  Pressures  and  times  of  pressing  were  found 

not  to  be  critical  within  these  limits.  We  roughened  the  surfaces  of 

the  pellet  with  400-600  grit  emery  cloth  with  water  as  a  lubricant.  We 

then  roughened  approximately  1  cm  on  the  end  of  a  copper  wire  with 

sandpaper  and  affixed  this  end  to  the  circumference  of  the  pellet  with 

silver-impregnated  conductive  epoxy  (E-solder  #3017,  Acme  Chemicals  and 

Insulation  Co.,  New  Haven,  CT  06505).  The  assembly  was  then  placed  in 

o 

an  oven  overnight  at  100  C.  We  then  cast  the  pellpt  and  wire  into  the 
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center  of  a  disk  of  polyester  coating  resin  (#19*1-0150,  Triarco  Arts 
and  Crafts,  Inc.,  Wheeling,  XL  60090)  formed  by  a  glass  tube  2.5  cm 
diameter  by  2.5  cm  thick,  with  the  flat  faces  of  the  pellet  roughly 
parallel  to  those  of  the  resin  disk.  This  was  allowed  to  set  for  at 
least  24  hours.  The  glass  tube  was  then  broken  off,  and  the  flat 
surfaces  sanded  to  remove  incompletely  cured  resin. 

The  flat  faces  of  the  disk  were  then  tapped  at  their  centers  for 
Altex-type  connectors  (1/4  x  20  thread),  and  a  hole  drilled  between  the 
two  taps  through  the  pellet.  We  prepared  a  variety  of  electrodes, 
whose  channel  diameters  ranged  from  0.3  to  1.5  mm.  They  were  polished 
by  repeatedly  drawing  through  a  string  coated  with  a  0.05  Urn  alumina 
slurry  (Fisher  "Gamal,"  Itasca,  IL  60143). 

We  judged  the  roughness  of  the  channel  through  the  electrode  pellet 
by  observing  the  magnitude  of  a  shift  in  potential  when  the  flow  rate 
through  the  electrode  was  changed,  or  by  "flow  noise,"  potential 
fluctuations  synchronous  with  flow  pulses  from  the  pump  used. 

Some  authors  (77,106)  have  stressed  the  importance  of  polishing  a 
pressed-precipitate  electrode  in  order  to  achieve  fast  response  and 
stability  under  conditions  of  changing  flow  rate.  Rough  electrode 
surfaces  can  be  so  sensitive  to  changes  in  flow  rate  across  them,  that 
pump  pulses  can  cause  fluctuations  on  electrode  potential.  Others 
(62,82,88,112)  mention  polishing  of  the  electrode  as  part  of  their 
procedure  without  further  explanation.  We  havp  found  that  a  smooth 
electrode  surface  is  essential  for  a  steady  (non-fluctuating)  potential 
under  constant  Cu(II)  concentration  flow. 
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It  was  possible  to  produce  quiet  and  fast  electrodes  with  a  channel 
through  the  pellet,  but  they  could  not  be  consistently  made.  During 
drilling  and  polishing  of  the  channel,  the  pellet  often  separated  from 
the  resin  disk.  This  could  be  seen  as  a  white  ring  spreading  across 
the  pellet  surface  from  the  channel  during  polishing,  and  resulted  in 
an  electrode  with  flow  noise  and  flow-related  baseline  shifts.  The 
resin  could  not  be  made  to  seal  back  to  the  pellet  by  heating  to  the 
softening  point,  and  the  electrode  had  to  be  discarded. 

Epoxies  which  would  adhere  to  the  electrode  pellet  were  tried  in 
place  of  the  casting  resin,  but  electrodes  made  in  this  way  did  not 
respond  to  Cu(Il).  This  approach  was  abandoned. 

To  make  electrodes  of  the  second  type  (liquid  flow  past  a  flat 
surface),  we  first  pressed  a  similar  pellet  of  electrode  material,  and 
sanded  all  edges.  A  1  cm  length  of  copper  wire  was  again  roughened  and 
formed  into  a  tight  loop.  This  wire  was  then  affixed  to  the  center  of 
one  of  the  flat  sides  with  silver-impregnated  epoxy  (E-solder  #3021). 
This  pellet  was  then  placed  on  a  glass  plate  in  the  center  of  a  1.5  cm 
hole  in  a  Teflon  disk  0.3  cm  in  height.  Polyester  casting  resin  was 
then  poured  over  the  pellet  and  allowed  to  cure  overnight. 

The  next  day  the  assembly  was  removed  from  the  mold  and  the  side  of 
the  casting  opposite  the  wire  ground  to  the  pellet's  surface  wetted 
with  600-grit  emery  cloth.  The  other  flat  surface  of  the  resin  was 
ground  parallel  to  this  side  with  a  flat  grinding  attachment  on  a 
Dremel  Moto-tool.  We  then  polished  the  exposed  surface  of  the 
electrode  pellet  with  0.3  pm  and  0.05  pm  alumina  (Micropolish,  Buehler, 
and  Carnal,  grade  B,  Fisher)  on  a  soft  paper  mat  until  no  further 
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improvement  of  smoothness  or  flatness  of  the  electrode  was  apparent 
upon  further  polishing. 

The  electrode  cap  is  shown  in  Figure  IS.  It  consists  of  two  main 
elements:  (1)  the  body,  which  contains  the  channels  for  liquid  flow 

and  defines  the  active  area  of  the  electrode  pellet,  and  (2)  a  threaded 
insert  to  press  the  electrode  onto  the  bony  of  the  cap  and  ensure 
mechanical  sealing  of  the  electrode  surface  to  the  body  of  the  cap. 

The  body  was  made  from  a  nylon  rod  2.3  cm  in  diameter  and  3  cm 

o 

long.  One  end  was  cut  at  a  43  angle  to  the  axis  on  two  opposite 
sides.  The  newly  cut  faces  were  tapped  for  Altex-type  connectors  along 
a  diameter  of  the  rod.  Channels  0.03  cm  in  diameter  were  then  drilled 
from  the  center  of  these  taps  to  intersect  on  the  axis  of  the  rod.  A 
1.9  cm  diameter  threaded  hole  was  tapped  from  the  opposite  end,  which 
extends  slightly  past  the  point  at  which  the  two  channels  intersect. 

The  bottom  of  this  hole  was  ground  flat  so  that  the  surface  shows  two 
holes  less  than  0.23  cm  apart. 

On  this  surface  is  placed  a  Teflon  gasket  0.008  cm  thick  and  1.9  cm 
in  diameter  with  a  0.32  cm  hole  in  the  center.  This  hole  defines  the 
wetted  surface  of  the  electrode.  For  this  reason  the  gasket  must  be 
flexible  and  compressible  enough  to  mold  to  the  electrode  surface  and 
nylon  cap  under  moderate  pressure. 

If  the  electrode  surface  and  gasket  do  not  seal  without  gaps  at  the 
exact  edge  of  the  hole,  then  some  liquid  will  he  trapped  between  the 
two  surfaces.  This  trapped  liquid  "activates”  the  electrode  surface  it 
contacts,  and  the  potential  of  the  electrode  depends  on  the  Cu(II) 
concentration  both  in  this  volume  and  in  the  hole  in  the  gasket.  Since 
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Figure  15.  Construction  of  Flcw-through  Cupric  Ion-selective  Electrode. 


A.  Threaded  insert,  nylon,  3  an  long. 

B.  Body  of  electrode  cap,  nylon,  3  cm  long  x  2.5  cm  diameter. 

C.  Electrode  pellet,  1.3  on  diameter  x  1—2  nm  thick,  for  preparation, 
see  text. 

D.  Polyester  casting  resin  support,  for  preparation,  see  text. 

E.  conductive  epoxy,  silver-filled. 

F.  Insulated  copper  wire. 

G.  "0"-ring  assembly,  consisting  of  three  "o"-rings:  3/16  x  1/16  in 
(O.D.  x  cross-section),  %  x  1/16  in.,  and  3/8  x  1/8  in. 

H.  Tapped  hole,  to  fit  Altex  connector,  k  x  20  thread. 

I.  solution  flew  channel,  0.3  mm  diameter. 

■7.  Teflon  gasket,  0.08  nm  thick,  1.9  an.  diameter,  with  0.32  an  hole  in  , 
center,  for  preparation,  see  text. 


'  4' 
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the  trapped  liquid  is  not  flushed  from  the  electrode  surface,  the 
transient  response  of  the  electrode  is  severely  degraded. 

To  facilitate  sealing  of  the  inside  edge  of  the  gasket  to  the 
membrane,  we  press  the  gasket  in  a  circular  die  1.9  cm  in  diameter  with 
a  taper  of  approximately  0.005  cm  towards  the  center.  This  makes  the 
center  of  the  gasket  slightly  thicker  than  the  periphery.  Thus,  when 
the  flat  electrode  surface  is  pressed  against  the  gasket,  the  first 
contact  is  at  the  edge  of  the  hole.  This  makes  a  more  reproducible 
seal  between  the  electrode  and  gasket  than  using  an  unpressed  gasket. 
Each  gasket  is  used  once  only,  because  the  pressure  between  the 
electrode  and  cap  tends  to  flatten  the  gasket. 

The  insert  for  the  back  of  the  electrode  is  threaded  to  fit  the 
body,  the  bottom  is  flattened,  and  the  top  is  hexed.  There  is  a  0.6  cm 
diameter  hole  along  the  axis  through  which  the  wire  extends  to  the 
electrode  pellet. 

There  are  three  0-rings  (3/16  x  1/16,  1/4  x  1/16,  3/8  x  1/8  in. 

(1.0.  x  C/S)  between  the  electrode  in  the  resin  disk  and  the  insert. 
These  three  0-rings  serve  to  compensate  for  the  top  and  bottom  of  the 
electrode  disk  not  being  parallel.  Silicone  grease  is  applied  to  the 
bottom  of  the  insert  to  allow  the  0-rings  to  slip  along  the  surface  and 
evenly  distribute  the  pressure  applied  in  screwing  the  insert  into  the 
body  of  the  electrode  cap. 

One  great  advantage  to  this  type  of  flow-through  electrode  is  the 


fact  that  it  can  be  assembled  and  disassembled  repeatedly.  Different 
electrode  pellets  or  gaskets  can  be  used  interchangeably.  There  is 
generally  a  maximum  of  thirty  minutes  before  a  freshly  polished 
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electrode  settles  to  a  steady-state  potential  (+  0.1  mV)  at  10  M  free 
2  + 

Cu  activity.  Electrodes  which  have  been  disassembled  and  reassembled 
without  repolishing  generally  reach  this  steady-state  potential  within 
five  minutes. 

F.  CuEDTA  Solution  Preparation 

Since  the  magnitude  of  the  detector  response  depends  on  both  the 

initial  and  final  concentrations  of  free  Cu(II)  in  solution,  a  precise 

method  of  regulating  the  background  free  Cu(II)  is  imperative. 

To  prepare  a  solution  of  CuEDTA  with  a  reproducible  composition,  we 

prepared  crystalline  Cul^EDTA  *  ^0,  modifying  slightly  the  method  of 

Kirschner  (113).  We  first  prepared  500  mL  of  0.52  M  CuSO^  •  1^0  (Fisher 

Certified  Reagent)  in  deionized  water.  To  this  we  added  0.25  moles  of 

ethylenediaminetetraacet ic  acid  (EDTA,  "Baker  Analyzed"  Reagent)  in 

approximately  eight  aliquots  over  the  course  of  an  hour.  During  this 

o 

addition,  the  solution  was  heated  to  90  C  and  stirred  on  a  Corning 

heated  magnetic  stirrer.  After  approximately  the  first  half  of  the 

EDTA  was  added,  crystals  precipitated  from  solution  and  would  not 

redissolve.  This  contradicts  Kirschner's  results  (113),  as  he  reported 

that  all  material  went  into  solution. 

Because  of  the  solubility  problem,  a  4%  excess  of  CuSO;  was  used. 

It  is  much  more  soluble  in  strongly  acidic  solution  than  free  EDTA,  so 

any  excess  CuSO^  can  be  washed  off  of  the  final  preparation,  whereas 

excess  EDTA  is  incorporated  into  the  precipitate,  disturbing  the 

apparent  stoichiometry  of  the  complex. 

After  the  final  addition  of  EDTA,  the  reaction  mixture  was  stirred 
o 

at  90  C  for  one  hour.  Heat  was  then  turned  off,  and  the  solution  was 


stirred  overnight. 


10? 


We  then  filtered  the  solution  through  Fisher  Qualitative  filter 

paper  in  an  11  cm  Buchner  funnel,  applying  suction.  The  precipitate 

was  then  washed  in  the  funnel  with  two  500  mL  volumes  of  deionized 

o 

water  and  dried  at  80  C  overnight. 

Assuming  that  the  only  material  in  the  precipitate  was  either 
CuEDTA,  free  CuiNO^^i  or  H^EDTA,  the  preparation  was  determined  to  be 
within  0.01%  of  a  1:1  (Cu:EDTA)  stoichiometry  using  a  cupric-ion  selec¬ 
tive  electrode  ( vide  infra ) . 

The  solution  of  CuEDTA  used  in  the  detector  was  prepared  by 
dissolving  0.01  mole  of  Cul^EDTA  •  H^O  (MW  =  371.62)  and  0.10  mole  of 
KNO^  in  approximately  900  mL  of  deionized  water,  adjusting  the  pH  to 
4.00  with  KOH  and  HN03  ,  and  diluting  to  1.0  L  in  a  volumetric  flask. 
Before  the  final  pH  adjustment,  we  added  solid  KOH  to  expedite  the 

'v 

dissolution  of  the  CuEDTA.  KN03  was  used  in  the  solution  to  fix  ionic 
strength  so  that  we  could  assume  constant  activity  coefficients  for 
Cu(lT)  ions. 

This  solution  was  degassed  by  bubbling  with  helium  through  a  glass 
frit  between  five  and  ten  minutes.  This  was  important  to  prevent 
formation  of  bubbles  in  the  flow  system  which  would  interrupt  the 
electrical  continuity  between  the  measuring  and  reference  electrodes. 
This  technique  has  recently  been  proposed  as  a  method  for  preventing 
bubble  formation  in  HPLC  solvents  (110),  especially  when  using 
partially  aqueous  solvents,  since  the  solubility  of  most  gases  in  water 
is  much  lower  than  in  organic  solvents. 
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G.  Calibration  for  metal  response 

When  calibrating  the  detector  response  for  metals,  a  pumping¬ 
depulsing  system  identical  to  the  pump  system  in  the  detector  and  a 
sampling  valve  with  a  5  mL  loop  was  placed  before  the  junction  with  the 
detector  stream.  This  arrangement  allows  a  plug  sample  of  metal  ion 
solution  up  to  5  mL  in  volume  to  be  injected  and  the  spreading  and 
dilution  arising  from  the  detector  studied.  The  background  solution 
(constantly  pumped)  was  0.1  M  KNO-j ,  and  all  metal  ion  calibration 
solutions  were  prepared  in  this  background.  All  metal  ion  calibration 
solutions  were  prepared  from  0.1  M  stock  solutions  (in  0.1  M  KNO^)  by 
serial  dilution  usin  a  single  5  mL  class  A  pipet  and  50  mL  class  A 
volumetric  flask.  Between  preparation  and  use,  the  solutions  were 
stored  in  glass  stoppered  50  mL  volumetric  flasks.  Solutions  were 

■v 

-2 

prepared  with  the  following  metal  ion  concentrations  (M) :  10  , 

3  x  10~3,  10"3,  3  x  10-4,  10~4,  3  x  10~5,  10~5,  3  x  10~6,  10~6,  and 
3  x  10~?. 


IV.  Results  and  Discussion 

A.  Dip-type  Electrodes 

1.  Cu(II)  response  in  KNO^  background. 

The  cupric  ion-selective  electrodes  produced  in  this  laboratory 
were  first  tested  for  their  response  in  Cu(II)  solutions  as  dip-type 
electrodes.  This  was  done  to  confirm  that  electrodes  made  from  the 
preparation  used  have  a  Nernstian  response  to  Cu(II)  concentration.  An 
electrode  was  immersed  in  200  mL  of  0.1  M  KNO^  and  10  ^  M  CuCNO^)^  with 
isolated  saturated  calomel  reference  and  inert  ground  electrodes  as  was 
previously  described,  and  varying  amounts  of  0.1  M  CuCNO^)^  were  added 
until  the  solution  was  approximately  0.01  M  in  CuCNO^)^  The  data  are 
plotted  in  Figure  16  as  steady-state  electrode  potential  above  the 
original  potential  against  the  logarithm  of  the  added  molar  CuCNO^)^ 
concentration. 

n 

The  slope  of  the  plot  is  29.4  +  0.08  mV/decade  [CuiNO^)^]  at  room 
temperature.  This  compares  favorably  with  the  theoretical  Nernst  slope 
of  29.6  mV/decade  [CuCNO^)^]  at  25°C  (Equation  1).  Response  was 
linear,  and  the  electrode  potential  settled  quickly.  Less  than  10 
seconds  were  required  for  the  electrode  potential  to  approach  within 
1  mV  of  steady-state  when  the  bulk  concentration  changed  from  10  ^  to 
3x10  ^  M  Cu(N0_)  and  this  time  was  reduCjed  to  less  than  5  seconds  for 

->4,  14 

-3-2 

a  3x10  to  10  M  CulNO^),,  concentration  jump. 
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Figure  16.  Steady-state  Response  of  Dip- type  Cupric  Ion-selective 
Elecrtcde  to  Added  Cu(II). 


Ion-selective  electrode  was  constructed  as  described  in  text.  Potentio- 
metric  cell  consisted  of  cupric  ion-selective  electrode,  isolated 
saturated  calomel  reference  electrode  ( see  text) ,  and  stainless  steel 
needle  common  electrode ' (Figure  14).  Potentials  plotted  are  the  total 
change  in  cell  potential  from  potential  in  initial  solution,  10  7  M 
Cu (IX) 3)2  in  0.1  M  KMD3,  25°C.  Cu(N03)2was  successively  added  to 
concentrations  shewn  (corrected  for  dilution) . 

Linear  least-squares  analysis: 

Slope  =  29.36  ±  0.08  mV/decade [Cu(II) ] . 

Correlation  coefficient  =  0.99998. 

Student's  "t"  =  419. 
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2.  Cu(Il)  response  in  CuEDTA  background. 

The  electrode  was  then  immersed  in  200  mL  of  0.1  M  KNO^  and  0.01  M 
CuEDTA  solution  (prepared  as  above)  which  was  adjusted  to  pH  4.00  with 
KOH  and  HNO^.  Cu(N0^)9  was  added  to  the  solution  as  before,  and  the 
results  are  shown  in  Figure  17.  As  can  be  seen,  the  response  is  slightly 
distorted  at  low  Cu(N0^)9  levels.  We  postulate  that  this  is  due  to  the 
residual  level  of  free  Cu(II)  in  the  original  CuEDTA.  If  10  ^  M  Cu(II) 
is  assumed  to  exist  in  solution  prior  to  addition,  the  plot  of  poten¬ 
tial  above  background  vs  total  Cu(ll)  is  linear,  with  a  slope  of  30.7  + 
0.09  mV/decade  [Cu(II)|  at  room  temperature.  The  slight  difference 
between  this  slope  and  the  slope  of  Figure  16  is  due  to  the  fact  that 
measurements  were  made  on  different  days  and  at  slightly  different 
temperatures..  Imprecision  in  the  slope  of  a  calibration  course  of 
this  magnitude  is  not  unusual  for  ion-selective  electrode  systems  (see 
Table  IX,  Section  IV. C. 3). 

It  is  very  reasonable  to  assume  that  the  amount  of  free  Cu(Il) 
found  is  due  to  CuEDTA  dissociation,  since  it  compares  well  to  the 


value  calculated  from  literature  values  of  and  the  acid  disso- 

CuEDTA 

ciation  constants  of  EDTA.  In  0.1  M  KNO.,,  log  K  n_  has  been  calcu- 
lated  to  be  IB. 80  (115)  and  the  pKa’s  (stepwise  dissociation  constants) 


for  EDTA  have  been  found  to  be  2.0,  2.67,  6.16,  and  10.26  (106).  Using 


these  values  in  Equations  46-48,  we  calculate  a  residual  free  Cu(Il) 
concentra t ion  of  69x10  ^  M  under  the  above  conditions.  A  free  Cu(II) 
level  of  10  ^  M,  then,  points  to  a  stoichiometry  of  the  prepared  solid 


CuEDTA  complex  of  less  than  1.0001:1  (Cu.'EDTA). 
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Figure  17.  Steady-state  Response  of  Dip-type  Cupric  Ion-selective 
Electrode  to  Added  Cu (II)  in  Equimolar  CuEDTA. 


Ion-selective  electrode,  potentiate  trie  cell,  and  potential  measurements 
are  the  same  type  as  in  Figure  16.  The  initial  solution  was  0.01  M 
CuEDTA  in  0.1  M  KN03,  pH  adjusted  to  4.0  with  HN03  and  KOH,  25°C. 

For  preparation  of  CuEDTA,  see  text. 

A.  Concentration  of  Cu(II)  added  as  Cu(N03)2  (  •  ). 

B.  Total  concentration  of  Cu(II),  assuming  10  6  M  Cu(II)  in  initial 
solution  (see  text)  (  □  )  • 

Linear  least-squares  analysis: 

Slope  =  30.56  ±  0.09  mV/decade [Cu (II) ] . 

Correlation  coefficient  =  0.99998. 

Student's  "t"  =  412. 


3.  Potential  noise  and  drift  in  solutions  of  constant  Cu(II)  concen¬ 
tration. 

The  cell  potential  using  well-polished  cupric  ion  electrodes  showed 
a  drift  of  less  than  1  mV  over  several  hours  (SCE  reference  electrode) 
in  unthermostatted  solutions  containing  CulNO^^  solutions  at  10  ^  M  or 
higher  concentrations.  (The  temperature  coefficient  of  the  cell  poten¬ 
tial  for  a  cell  containing  a  SCE  and  cupric  ion  electrode  of  this  type 
has  been  found  to  be  0.92  mV/°C  (116).  The  potential  was  independent 
of  stirring  rate  from  rest  (unstirred  solution)  to  several  hundred  RPM 
with  a  magnetic  stirrer. 

However,  the  instantaneous  cell  potential  oscillated  about  the 
average  potential  at  the  same  frequency  as  the  rotation  of  the  magnetic 
stirring  bar  in  solution.  Unfiltered,  the  oscillation  amounted  to  as 
much  as  20  mV  peak-to-peak.  Because  of  this,  in  all  recorded  measure¬ 
ments  we  used  a  1  sec  time  constant  low-pass  filter  between  the 
electrometer  and  recorder.  This  lowered  the  observed  oscillations 
below  5  mV  peak-to-peak. 

4.  Other  metal  ion  response  in  KNO^  background. 

The  electrode  was  immersed  in  200  mL  of  10  ^  H  CuCNO^^  and  0.1  M 
KNOj.  We  introduced  20  mL  of  0.01  M  solutions  of  the  following  salts 
successively  into  the  solution:  ZnlN0^)2,  Co(N0j)?,  NiCl2>  CalNO.)^, 
CdCl2,  and  MnCl2-  A  potential  vs  time  trace  of  the  experiment  is  given 
in  Figure  18.  Introduction  of  the  metal  nitrates  effects  negligible 
change  in  the  potential  observed,  demonstrating  the  selectivity  of  the 
electrode  for  Cu(ll)  over  these  other  metals,  but  introduction  of  the 
metal  chlorides  causes  a  significant  transient  potential  spike  in  the 


Figure  18.  Time-dependent  Response  of  Dip- type  Cupric  Ion-selective 
Electrode  to  Various  Metal  Ion  Salt  Solutions. 


Ion-selective  electrode  and  potentiometric  cell  are  the  same  as  in 
Figure  16.  The  initial  solution  was  10-7  M  Cu(N03) 2  in  0.1  M  KN03 . 
Trace  is  the  cell  potential  as  a  function  of  time. 

10“ 3  M  metal  salt  solutions  were  added  at  the  following  points: 

1.  Zn(N03)  2 . 

2.  Oo(N03)2. 

3.  NiCl2 . 

4.  Ca(N03)2. 

5.  CdCl2 . 


6.  MnCl2. 


direction  of  decreased  Cu(II)  concentration,  although  the  steady-state 
potential  is  changed  less  than  1  mV.  This  agrees  with  Midgeley's 
observations  of  sharp  transients  upon  exposing  a  cupric  ion  electrode 
to  potassium  chloride  (76). 

5.  Other  metal  ion  response  in  CuEDTA  background. 

Since,  as  indicated  above,  most  metals  do  not  influence  the  poten¬ 
tial  of  the  cupric  ion  electrode,  any  change  in  electrode  potential 
upon  introduction  of  a  metal  salt  into  a  CuEDTA  solution  must  come  from 
Cu(ll)  displaced  from  the  complex. 

We  introduced  various  metal  ion  solutions  into  CuEDTA  solution  to 
demonstrate  the  response  of  the  electrode  under  these  conditions. 

Figure  19  is  a  series  of  traces  of  metal  ion  injections  into  CuEDTA  at 
room  temperature  and  pH  4.0.  This  figure  shows  both  the  dynamic  and 
steady-state  potential  response  for  injections  of  CuCNO^)^,  PbfNO^).,, 
CdCl2,  CotNO^)^  and  MnCl2  as  representative  of  the  metal  ions  the 
detector  is  useful  for.  In  the  cases  of  CdCl2  and  MnCl2>  the  sharp 
negative  transients  due  to  addition  of  chloride  ion  are  evident.  The 
magnitudes  of  the  steady-state  responses  are  results  of  the  various 
formation  constants  for  the  MEDTA  complexes  and  the  Cu(II)  in  the 
original  solution.  In  these  studies,  we  used  CuEDTA  prepared  by  titra¬ 
tion  of  Cu(N0^)2  with  EDTA  and  subsequent  pH  adjustment.  Control 
of  the  stoichiometry  was  not  as  precise  as  when  crystalline  CuEDTA  was 
employed . 

The  displacement  of  Cu(II)  by  Mn(ll)  in  Figure  19  is  significant  in 
terras  of  the  applicability  of  the  electrode  to  detection  different 
metal  ions.  The  ratio  of  the  tormation  constants  of  MnEDTA  to  CuEDTA 
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Figure  19.  Tine-dependent  Displacement  of  Cu(II)  from  Equimolar 
CuEDTA.  by  Various  Metal  Ions. 


Ion-selective  electrode  and  potenticme trie  cell  are  the  same  as  in 
Figure  16.  The  initial  solution  was  0.01  M  CuEDTA  (titrated  to 
eguivalgnce  point)  in  0.1  M  KN03,  pH  adjusted  to  4.0  with  HN03  and 
KOH,  25  C.  Traces  shown  are  cell  potential  as  functions  of  time  due 
to  Cu(II)  liberated  from  CuEDTA.  Absolute  cell  potentials  are  offset 
for  display  purposes. 

Solutions  added: 


A.  Cu(N0a)2. 

B.  Pb(N03)  a. 

C.  CdCla. 

D.  Go (NO  3)2. 

E.  MnCla. 

Concentrations  of  solutions  added  at  points  of  addition: 


1. 

10- 6 

M. 

2. 

10" 5 

M. 

3. 

10"  4 

M. 

4. 

10- 3 

M. 

5. 

10" : 2 

M. 

1  'i 
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(fcj,  Equation  61)  is  approximately  10  (115).  As  can  be  seen,  injec- 

-4 

tion  of  10  M  MnCl^  is  easily  detected.  Thus,  detection  of  most  of 
the  transition  row  metals  is  thermodynamically  feasible  with  this 
detector  system. 

The  first  trace  in  Figure  19  is  not  displacement  of  Cu(II)  from  the 
CuEDTA  complex,  but  addition  of  CuiNO^^-  This  shows  that  the  elec¬ 
trode  response  is  much  faster  (<  5  seconds  for  97%  response,  within  0.5 
mV  of  steady-state  potential)  than  the  displacement  rate  of  metals  into 
the  CuEDTA  complex.  Thus,  the  cupric  ion  electrode  is  appropriate  for 
a  kinetic  study  of  this  type.  This  is  a  very  fast  cupric  ion  electrode 
based  on  previous  reports;  the  time  needed  to  reach  steady-state  is 
controlled  by  the  time  constant  of  the  low-pass  filter. 

Of  the  reports  in  the  literature  dealing  with  ligand  exchange 
kinetics  between  Cu(II)  and  a  second  metal  ion  (100-105),  only  two  deal 
with  the  second  metal  reacting  with  CuEDTA  (100a,  104).  The  metals 
involved  are  Pb(Il)  and  Ni(il),  both  of  which  form  an  EDTA  complex  of 
approximately  the  same  strength  as  Cu(ll).  This  points  out  a  signifi¬ 
cant  advantage  of  using  an  ion-selective  electrode  in  studying  EDTA 
displacement  from  CuEDTA  -  namely,  many  metals  can  be  studied,  since 
very  small  increases  in  the  free  Cu(ll)  concentration  can  be  seen. 

This  is  not  possible  using  spectrophotometry  with  many  metals,  as 
Bydalek  and  Margerum  did  with  Ni(II),  since  the  CuEDTA  spectrum  can 
mask  any  absorbance  from  free  Cu(ll)  (104). 

We  did  not  attempt  any  detailed  kinetic  studies,  because  our 
interest  was  in  finding  conditions  for  fast  exchange  reactions  for  the 
detector.  In  Table  IV,  we  have  listed  the  times  to  half-reaction 


123 


( t  ^  /  2 )  of  Che  exchange  of  EDTA  with  the  metals  in  the  figures  in  this 
section.  These  are  the  points  after  injection  of  a  metal  ion  that  the 
free  Cu(II)  concentration  was  half  the  final  (equilibrium)  free  Cu(ll) 
concentration  when  the  electrode  potential  remained  constant.  The  data 
and  trends  with  pH  and  concentration  of  metal  ion  are  in  qualitative 
agreement  with  the  literature,  as  follows.  For  the  reaction  between 
Pb(II)  and  CuEDTA, 

O  i  I  o  I 

Pb  +  CuEDTA  ^  PbEDTA  +  Cu  (78) 

k+  is  a  sum  of  three  rate  expressions,  and  varies  inversely  with 
l Pb (II)]  below  10-2  M.  At  10"3  M  Pb(II),  pH4,  k  +  =  1.4  sec'1  M~2. 

-3 

This  corresponds  to  a  t^^  of  49  sec  for  a  10  M  Pb(II)  injection  into 

a  0.01  M  CuEDTA,  since  CuEDTA  is  in  excess,  and  this  is  thus  a  pseudo- 

•* 

first  order  reaction  (117)  where 

[  CuEDTA  ]k+  =  ° ’t6--3  (79) 

h 

The  value  of  t,  is  not  in  good  agreement  with  our  data.  However, 

2 

Tanaka  e_t  al_.  (100a)  studied  the  system  in  strong  acetate  buffer  and 
had  to  make  massive  corrections  for  the  buffer's  complexing  ability. 

Our  data  indicate  an  inverse  dependence  of  the  reaction  rate  with 
increasing  concentrations  of  Pb t  II)  ,  Zn(II),  and  Cd ( 1 1 )  (see  Figures  19 
and  20).  As  was  stated,  Tanaka  e_t  a\_.  found  this  for  Pb(ll)  (100a), 
and  they  concluded  in  subsequent  papers  that  the  mechanism  of  reactions 
of  CdEDTA  and  ZnEDTA  with  Cu(ll)  was  analogous,  so  we  can  expect  to  see 
such  a  trend  with  these  metals  also.  Ligand  exchange  with  these  metals 
is  thought  to  be  a  two-step  process,  with  one  complex  dissociating 
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before  the  second  forms.  It  is  possible  that  the  formation  of  a  tran¬ 
sitory  three-body  complex,  M-EDTA-Cu  can  slow  the  exchange  reaction,  if 
the  complex  has  some  appreciable  stability.  This  has  been  found  to  be 
the  case  for  the  exchange  of  CyDTA  between  Cd(II)  and  Pb(II)  or  Cu(II) 
(104a). 

The  acid  catalysis  of  the  exchange  of  EDTA  between  Zn(II)  and 
Cu(Il)  is  shown  in  Figure  20,  where  the  pH  is  varied  from  6.0  to  4.0. 
The  reaction  is  decidedly  faster  at  lower  pH  within  the  limits  of  this 
study.  In  addition,  at  pH  6,  a  precipitate  forms  upon  injection  of 

_3 

10  M  ZnCNO^)^.  This  sets  an  upper  limit  on  the  allowable  Zn(II) 
concentration  at  high  pH. 

The  disadvantage  of  lowering  the  pH  is  the  fact  that  the  residual 
Cu(ll)  level  is  raised.  This  raises  the  detection  limit  for  metals, 
according  to  Equation  48  and  Figure  20.  Therefore,  a  compromise  must 
be  reached  between  residual  Cu(II)  level  and  metal  displacement 
kinetics.  We  believe  that  a  pH  of  4.0  is  this  optimum,  since  metal 
ions  in  the  micromolar  range  can  be  seen,  and  the  reaction  proceeds  at 
a  sufficient  rate  to  be  useful  for  cur  detector. 

In  Figure  21,  the  effect  of  temperature  on  the  kinetics  of  Ni(II) 
displacement  of  Cu(II)  from  EDTA  at  pH  4.0  is  shown.  This  reaction  is 
not  pH-dependent  (104),  so  that  lowering  the  pH  will  not  lead  to  a  more 
favorable  kinetic  situation.  Because  of  the  sluggishness  of  the  reac¬ 
tion  at  low  temperature,  the  solution  must  be  heated  to  at  least  75°C 
to  allow  the  reaction  to  proceed  to  completion  within  a  reasonable  time 

These  experiments  demonstrated  that  the  detector  system  is  appli¬ 
cable  to  detection  of  metal  ions  in  concentrations  below  10  ^  M.  They 
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Figure  20.  pH  Dependence  of  Kinetics  of  Zn(II)  Displacement  of  Cu(II) 
frcm  Equimolar  CuEDIA. 

Ion-selective  electrode,  potentionetric  cell,  initial  solution  (except 
pH) ,  and  type  of  traces  shown  are  the  same  as  in  Figure  19 . 

A.  Solution  adjusted  tb  pH  6.0,  phosphate  buffer. 

3.  Solution  adjusted  to  pH  0.0,  ohosnhate  buffer. 

C.  Solution  adjusted  to  pH  4.0,  phosphate  buffer. 

Concentrations  of  Zn ('J03 ) 2  solutions  added  at  points  of  addition: 

1.  10" 5  M. 

2.  10-“  M. 

3.  10"3  M. 

4.  10~2  M. 


i 
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Figure  21.  rtenperature  Dependence  of  Kinetics  of  Ni(II)  Displacement 
of  Cu(II)  from  Equimolar  CuEDEA. 

Ion-selective  electrode,  potentiametric  cell,  initial  solution (except 
tarperature) ,  and  type  of  traces  shewn  are  the  same  as  in  Figure  19. 

A.  Solution  45°C. 

B.  Solution  75°C. 

Concentrations  of  Ni(N03)2  solutions  added  at  points  of  addition  : 

1.  10-5  M. 

2.  lO-4  M. 

3.  10" 3  M. 
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also  showed  chat  a  pH  of  4.0  or  below  and  temperature  of  over  75°C  are 
required  for  acceptable  chemical  kinetics  for  some  of  the  slower 
species . 

Metals  were  tested  for  compatability  with  the  chemical  system  used 

-3 

in  the  detector  by  dissolving  10  M  metal  salt  m  water  and  injecting 

the  solution  into  0.01  M  CuEDTA  at  pH  4.0  and  75°C.  Displacement  of 

Cu(II)  was  followed  by  a  dip-type  cupric  ion  electrode.  Polyvalent 

metal  salts  which  either  would  not  dissolve  in  deionized  water  or 

precipitated  upon  introduction  into  CuEDTA  included  Tl(NO^)^,  BiCNO^)^* 

TlfS)^)^,  ZrCSO^)^,  SnCl^j  InCNO^)^)  and  Th(NO^)^.  According  to 

solubility  constants  in  the  literature,  SnCl^,  TKNO^)^,  and  In(NO^)^ 

should  be  soluble  at  pH  4,  but  we  did  not  find  this  to  be  the  case.  In 

addition,  Th(NO^)^  precipitated  upon  addition  to  0.01  M  CuEDTA,  pH  4, 

although  it  was  soluble  in  0.1  M  KNO^  (pH  not  adjusted). 

B.  Flow-through  Electrodes 

1.  Cu(II)  response  in  KNO^  background. 

As  before,  the  flow-through  eLectrodes  were  first  tested  for  Cu(II) 

r  sponse  in  KNO^  background.  We  passed  a  1  6  M  CuCNO^^  and  0.1  M  KNO^ 

solution  over  the  electrode  surface,  and  varying  concentrations  of 

CuCNO^^  were  introduced  into  the  flowing  stream  with  a  sampling  valve 

and  5  mL  sample  loop.  The  steady-state  potentials  were  then  recorded 

and  a  plot  of  steady-state  potential  vs  log  l Cu (II)]  added  is  shown  in 

-6  -2 

Figure  22  for  the  concentration  range  of  10  to  10  '  M  CuiNO^^- 
Again  the  plot  is  linear,  with  a  slope  close  to  the  theoretical  Nernst 


-a. . - 


slope. 
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Figure  22.  Steady-stste  Itesponse  of  Flow-through  Citric  Ion-selective 
Electrode  to  Added  Cu(II) . 


Flow  system  and  flow-through  electrode (F igure  15)  were  constructed  as 
described  in  text.  Potentianetric  cell  consisted  of  flow-through 
citric  ion-selective  electrode,  isolated  saturated  calcmel  reference 
electrode  (see  text) ,  and  stainless  steel  needle  carman  electrode. 
Potentials  plotted  are  the  differences  in  cell  potential  from  initial 
conditions,  1(T6  M  Cu(N03)2  in  0.1  M  KN03,  25°C.  Sarples  were  solutions 
of  Cu(NDj)  2  at  concentrations  shewn  in  0.1  M  KNOj .F  law  rate  was  1.0 
ml/min. 

T .inear  least-squares  analysis  : 

Slope  =  29.5  ±  0.14  rfV/decade[Cu(II) ] . 

Correlation  coefficient  =  0.99992. 


Student's  "t"  =  211. 


Potential  (mV) 


Log  [Cu(N03)2; 
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2.  Cu(II)  response  on  CuEDTA  background. 

The  flow-through  electrodes  were  tested  for  response  to  CuOJO^)^ 
added  to  0.01  M  CuEDTA  at  pH  4.0.  A  plot  of  steady-state  potential  vs. 
added  [CuiMO^)^]  is  shown  in  Figure  23.  The  linearized  plot  assumes 
1.6x10  ^  M  Cu(Il)  present  in  the  original  CuEDTA  solution.  This  again 
is  reasonable  for  the  conditions  involved  and  point  to  a  Cu:EDTA  ratio 
of  less  than  1.0001:1  in  the  prepared  solid. 

3.  Potential  noise  and  drift  in  solutions  of  constant  Cu(II) 
concentration. 

The  background  noise  and  drift  of  the  final  version  of  the  flow 
potentioaietric  system  is  shown  in  Figure  24.  The  flowing  solution  was 
again  0.1  M  KNO^  +  0.01  M  CuEDTA,  with  the  pH  adjusted  to  4.0.  Short 

term  noise  is  less  than  0.1  mV  peak-to-peak,  and  the  drift  of  the 

% 

average  potential  over  one  hour  is  less  than  0.15  mV.  Thompson  and 
Rechnitz  (77)  have  shown  that  flow-through  electrodes  with  rough 
surfaces  exhibit  a  shift  in  potential  when  the  flow  rate  of  solution 
past  the  electrode  is  changed.  In  Figure  24B,  the  initial  flow  rate  of 
solution  is  2.0  mL/min.  At  point  X  (spike  added),  the  flow  rate  was 
changed  to  0.5  mL/min.  The  long-term  change  in  potential  for  a  four¬ 
fold  change  in  flow  rate  is  less  than  the  inherent  noise  of  the  system. 
This  shows  that  the  electrode  surface  can  be  made  smooth  and  "clean" 
enough  to  give  potentials  and  noise  levels  essentially  independent  of 
flow  rate. 

4.  Dynamic  response  to  changes  in  Cu(ll)  concentration. 

Time -dependent  response  of  the  flow-through  electrode  to  an 
increase  and  decrease  of  Cu(II)  concentration  is  shown  in  Figure  25. 


Figure  23.  Steady- state  Response  of  Flew- through  Cupric  Ion-selective 
Electrode  in  Equimolar  CuEDTA  to  Added  Cu(II) . 


Flow  system,  flcw-through  ion-selective  electrode,  potenticmetric  cell, 
and  potential  measurements  are  the  same  as  in  Figure  22.  The  original 
solution  was  0.01  M  CuEDTA  (prepared  as  in  text)  in  0.1  M  KN03,  adjusted 
to  pH  4.0  with  KOH  and' HMD 3.  Samples  were  solutions  as  above  ftith  added 
Cu(N03)  2  •  Flow  rate  vas  1.0  ml/min. 

A.  Concentration  of  Cu(II)  as  added  Cu(N03)2  (  +  ). 

Q.  Concentration  of  Cu(II),  assuming  1.6  x  10-6  M  Cu(II)  in  original 
solution  (see  text)  (  □  ) . 

Linear  least-squares  analysis: 

Slope  =  29.7  ±  0.18  mV/decade [Cu (II) ] . 

Correlation  Coefficient  =  0.99987. 


Student's  "t"  =  163. 


Potential  (mV) 
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Figure  24.  Background  Noise  and  Drift  of  Flew- through  Cupric  Ion- 
selective  Electrode. 


Flow  system,  flow-through  ion-selective  electrode,  potenticmetric  cell, 
and  flowing  solution  are  the  same  as  in  Figure  23.  No  samples  were 
introduced.  Traces  are  cell  potentials  as  functions  of  time. 

A.  Flew  rate  2.0  ml/min. 

B.  Initial  flow  rate  2.0  mL/min,  at  point  X,  changed  to  0.5  mL/min. 
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Figure  25.  Dynamic  Response  of  Flow-through  Cupric  Ion-selective 
Electrode . 


Flow  system  configuration  is  as  in  Figure  13,  although  without  delay 
coil.  The  column  effluent  flow  was  simulated  by  an  identical  pumping/ 
pulse  dampening  system,  with  a  5  mL  sample  loop  placed  between  the  pulse 
dampener  and  junction,  (e',  Figure  15) .  The  reactant  channel  solution  was 
0.01  M  CuEDTA  (prepared  as  in  text)  in  0.1  M  KND3,  pH  adjusted  to  4.0 
with  KOH  and  HN03,  25°C.  Column  effluent  solution  was  simulated  by 
0.1  M  KN03,  and  sample  solution  was  10-4  M  Cu(N03)2  in  0.1  M,  KND3 ,  25bC. 
Flaw-through  electrode  and  potentiometric  cell  were  the  saire  as  in 
Figure  23.  Flow  rate  was  1.0  mL/min/channel. 

A.  Concentration  response  (antilogarithm  of  potential,  assuming  29.6 
mV/decade[Cu(II) ] )as  a  function  of  time. 

B.  Cell  potential  as  a  function  of  time. 

Samples  of  the  fol lcwing  volumes  were  injected: 

1.  50uL. 

2.  Volume  required  to  reach  steady-state  potential. 


The  measuring  apparatus  is  configured  similar  to  the  detector  calibra¬ 
tion  apparatus  (two-channel  pump,  streams  combined),  but  no  delay  coil 
was  inserted  between  the  stream  juncture  and  flow-through  electrode. 

The  combined  stream  flow  rate  was  2.0  mL/min,  and  the  two  solutions 

contained  0.01  M  CuEDTA  and  0.1  M  KNO^  (background  and  sample).  The 
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solution  in  the  sample  loop  was  10  M  CutNO^^  +  0.1  M  KNO^ . 

Figure  25B  is  the  potential  response  directly  from  the  electrode, 
and  Figure  25A  is  the  response  of  the  system  linearized  (after  antilog 
transducer).  Curves  1  are  50  yL  injections  from  a  timed  loop  (3  sec), 
which  makes  100  pL  samples  when  combined  with  the  background  stream. 
Curves  2  are  long-loop  injections  where  the  signal  was  allowed  to  reach 
essentially  steady-state  level.  The  spike  at  the  end  of  Curves  2A  and 
2B  was  caused  by  the  switching  of  the  sample  loop  valve,  causing  a 
momentary  blockage  of  flow  in  that  channel  and  thus  a  temporary  flow  of 
low  Cu(ll)  concentration  before  the  line  leading  from  the  valve  to  the 
stream  junction  is  flushed  out. 

The  figure  shows  the  apparent  spreading  effect  of  direct  potential 
measurements.  The  potential  signal  is  expanded  with  respect  to  a  true 
concentration  signal  at  low  concentrations  and  compressed  as  concentra¬ 
tion  increases.  If  the  electrode  response  is  approximated  at  30  mV/ 
decade  (Nernst  slope,  Equation  L,  for  a  divalent  ion),  then  9  mV  below 
the  peak  signal  represents  half  the  concentration  of  the  peak. 

The  rise  and  fall  curves  of  the  steady-state  peaks  can  be  crudely 
approximated  by  a  simple  exponential  in  this  experiment.  Data  are 
tabulated  in  Table  V  for  the  experiment  described  above  over  a  range  ol 
flow  rates  from  0.5  to  4.0  mL/min  total.  The  various  values  of  r  will 
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Table  V.  Dynamic  Concentration  Response  of  Flow  through  Electrode3 


Flow 

b 

b 

c 

Rise 

c 

c 

d 

Fall 

T  d 

d 

Rate 

% 

T1 

1 2 

T  3 

T1 

2 

T3 

(mL/min) 

( sec) 

(ML) 

(sec) 

(sec) 

( sec) 

(sec) 

(sec) 

(sec) 

0.5 

11.8 

98 

2.9 

3.0 

3.9 

3.8 

4.0 

5.5 

1.0 

5.2 

86 

2.3 

1.8 

1.7 

1.5 

1.4 

1.6 

2.0 

2.5 

84 

2.7 

2.5 

2.7 

1.5 

1.6 

1.9 

4.0 

1.7 

112 

1.2 

1.2 

1.2 

1.9 

1.7 

1.8 

a. 

Conditions : 

Valve 

connected 

to  detector 

with  less 

than  10 

4L  of 

tubing.  Sample  loop  total  volume  5.0  mL.  Background  channel  0.01  M 

—  A 

CuEDTA,  pH  4.0,  sample  channel  0.1  M  KNO^ ,  sample  loop  10  M 

CufNOj^  +  0.1  M  KNOj.  All  measurements  at  room  temperature. 

% 

b.  Width  at  half-height  for  100  uL  (combined  streams)  injection. 

c.  Time  constants  ^T^»T2,T3^  were  calculated  from  the  time  required 
to  rise  to  63%,  86%,  and  95%  of  the  steady-state  signal,  respectively. 

d.  Time  constants  (TpT2,T3^  were  calculated  from  the  time  required 
to  fall  to  63%,  86%,  and  95%  of  the  steady-state  signal,  respectively. 
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all  be  equal  only  if  the  data  fit  a  true  exponential  equation,  and  this 
is  not  quite  true  here.  The  measurement  is  complicated  by  the  presence 
of  low-pass  filters  after  both  the  electrometer  and  antilog  transducer 
with  approximately  one  second  time  constants.  Thus,  the  electronic 
filtering  is  not  small  enough  to  prevent  interaction  with  the 
electrode's  dynamic  response. 

For  two  reasons,  we  were  satisfied  that  the  electrode  per  se  was 
not  a  major  limiting  dynamic  factor  as  it  was  in  the  early  stages  of 
this  work.  First,  the  experimental  half-width  was  essentially  equal  to 
the  sample  volume  for  small-volume  injections  (Table  V).  This  indi¬ 
cates  a  minimum  of  mass  dispersion  in  the  electrode.  Second,  the  time 
constant  of  the  electrode  (and  electronics)  is  relatively  very  short 
compared  to  the  other  time  constants  (i.e.,  mass  dispersion  in  the 
delay  coil,  see  IV.C.l)  in  the  assembled  detector.  The  variance  of  an 
observed  peak  (a,p)  is  related  to  the  variance  in  the  peak  itself  (aO 
and  the  spreading  due  to  the  observation  system  (Og)  according  to  the 


following  equation: 


0T  =  /  (op)2+  (Og)2 


In  this  case,  in  order  to  obtain  the  spreading  of  the  peak  due  only 
to  the  electrode,  we  must  use  the  spreading  due  to  an  exponential 
response  to  a  step  function.  Sternberg  (122)  has  found  that  for  the 
function 


f (t)  =  1  -  exp(-t/t) 


where  I  is  the  first-order  time  constant, 


2  2 
o  =1 
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or 

a  *  t  (83) 

Since  this  is  the  case,  and  Equation  80  shows  that  variances  spread 
geometrically,  we  can  calculate  that  a  T  for  the  electrode  of  2  sec 
will  affect  the  spreading  of  a  peak  by  less  than  5%  if  the  peak  itself 
is  over  ten  seconds  long.  In  Section  IV.C.l,  we  have  shown  that  peaks 
are  intrinsically  longer  than  that  except  at  high  flow  rates  (4.0  m L/ 
min  total  flow  rate) ,  and  thus  the  response  time  of  the  electrode  is 
negligible. 

The  fact  that  we  were  able  to  approximate  an  exponential  electrode 
response  function  is  significant,  even  though  the  fit  of  our  data  to  an 
exponential  curve  is  not  perfect.  This  points  mechanistically  to  a 
mass-transfer  response  process  for  this  particular  electrode,  which  is 
one  of  the  main  theoretical  models  of  electrode  response.  One  signifi¬ 
cant  advantage  in  using  a  flow-through  electrode  to  demonstrate  a  mass- 
transfer  electrode  mechanism  rather  than  a  dip-type  electrode  suspended 
in  a  solution  is  that  liquid  flow  across  the  surface  of  the  electrode 
is  controlled  much  better  with  a  flow-through  electrode  than  with  a 
dip-type  electrode.  Laminar  or  turbulent  flow  past  a  flow-through 
electrode  surface  can  be  sustained  or  changed  at  will  by  varying  the 
flow  rate  and/or  flow  stream  dimensions.  A  mass-transfer  response 
mechanism  will  show  a  marked  difference  between  the  rate  of  response 
under  laminar  and  turbulent  flow  conditions,  with  much  slower  response 
under  laminar  flow.  This  was  shown  by  Mertens  (57),  who  compared 
response  rates  using  Auto-analyzer  (laminar  flow)  and  homemade  jet- 
impact  (turbulent  flow)  equipment.  The  flow  past  an  electrode 
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suspended  in  a  stirred  solution  is  complicated,  and  any  mass-transfer 
mechanism  may  result  in  fast  electrode  response.  None  of  the  mechanis¬ 
tic  conclusions  reached  above  can  then  be  found  using  a  suspended  dip- 
type  electrode. 

Our  experiments  showed  that  our  electrode  design  has  very  fast 

response  compared  to  the  few  reports  found  in  the  literature  in  dynamic 

response  of  flow-through  electrodes  under  similar  conditions.  Thompson 

and  Rechnitz  (77)  show  from  data  presented  in  their  paper  that  a  well 

polished  Cd(Il)  electrode  requires  approximately  six  seconds  to  reach 

within  3  mV  of  steady-state  (79%  concentration  response)  for  a  10  ^  to 

10  ^  M  Cd(II)  concentration  jump.  Van  der  Leest  (118)  constructed  a 

chloride-selective  flow-through  electrode  which  required  approximately 

30  seconds  to  respond  to  within  6  mV  (79%  concentration  change)  of 

-4 

steady-state  for  a  chloride  concentration  change  from  2x10  M  to 
-3 

5x10  M.  With  a  flow-through  cupric  ion  electrode,  Van  der  Linden 
and  Oostervink  (28)  claim  90%  response  in  six  seconds  (corresponding  to 
a  first-order  time  constant  of  2.6  seconds)  for  a  change  in  cupric  ion 
concentration  between  two  unspecified  levels.  The  fact  that  the  two 
cupric  ion  levels  were  not  specified  makes  this  figure  impossible  to 
compare  our  experimental  results,  since  the  rate  of  approaching  steady- 
state  for  a  concentration  change  depends  strongly  on  the  initial  and 
final  levels  of  measured  ion  concentration  (61,62,  Section  II. C. 6). 

C.  Assembled  Detector  System 

1.  Dynamic  Response  to  Changes  in  Cull  I)  Concentration, 
a.  Dynamic  response  to  varying  sample  size. 

We  constructed  the  detector  as  described  in  Section  L1I.C.  The 


delay  coils  (2.5  m  of  0.05  cm  I.D.  tubing  heated  and  0.5  m  of  0.05  cm 
I.D.  tubing  at  room  temperature)  were  chosen  for  a  delay  time  of  37  sec 
at  1  mL/min  flow  rate,  which  we  determined  would  allow  most  metal  ion- 
CuEDTA  reactions  tested  to  reach  equilibrium.  The  sample  loop  was  5  tnL 
in  volume  (5  m  of  0.8  mm  I.D.  tubing)  and  samples  of  varying  size  were 
injected  by  switching  the  sample  loop  into  the  flowing  stream  for 
specific  timed  intervals. 

Injections  of  10  ^  M  CufNO^^  in  0*1  M  KNO^  were  made  of  50,  100, 
200,  300,  500,  and  1000  pL  nominal  volumes  at  flow  rates  of  0.25,  0.50, 
1.0,  and  2.0  mL/min/channel .  Traces  of  the  concentration  (antilog) 
response  at  the  electrode  are  shown  in  Figure  26  for  the  injections  at 
1.0  mL/min/channel.  These  show  the  changing  size  and  shape  of  the  out¬ 
put  with  the  volume  of  sample  injected. 

In  this  work,  we  have  used  the  peak  width  of  half  maximum  (w^^) 
due  to  its  ease  of  measurement  as  an  experimental  measure  of  disper¬ 
sion.  To  compare  results  directly  with  theory,  it  is  necessary  to 
compute  the  peak  variance.  For  the  50  PL  peaks  at  each  flow  rate,  we 
computed  the  variance  according  to  its  statistical  definition 

o  = 

where  h^  is  the  height  of  the  peak  at  time  t^  and  T  is  the  time  of  the 
peak  mean,  computed  by  the  formula 
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Figure  26.  Dynamic  Detector  Response  as  a  Function  of  Sample  Volume. 


Flow  system  was  constructed  as  in  Figure  25,  but  including  the  following 
delay  coils  in  series:  2.0  m  of  0.5  rrm  diameter  Teflon  tubing  heated 
to  75°C,  0.5  m  of  0.5  mm  diameter  Teflon  tubing,  room  tamperature. 

Solutions  used  were  identical  to  those  in  Figure  25,  and  flow-through 
electrode  and  potenticmetric  cell  were  the  same  as  in  Figure  23.  Flow 
rate  was  1.0  mL/min/channel .  Concentration  response (as  in  figure  25) 
was  used. 

Nominal  volumes  injected  (see  text) : 

A.  50  uL. 

B.  100  UL. 

C.  300  UL. 

D.  500  uL> 

E.  1000  UL. 
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Since  data  acquisition  was  manual,  only  9  to  12  points  were  taken  per 
curve.  Variances  for  50  yL  input  peaks  are  necessarily  broader  than 
those  which  would  have  been  obtained  for  a  true  "delta"  or  "impulse" 
function.  We  estimated  for  an  impulse  function  by  graphically 

extrapolating  for  finite  sample  volumes  to  a  sample  volume  of 

zero,  as  in  Figure  27  for  a  flow  rate  of  0.5  mL/min/channe 1 .  This 
value,  termed  was  t'ien  multiplied  by  the  quantity  a/oj^y 2  ^or 

the  50  yL  peaks  to  obtain  the  variance  for  an  impulse  response  (°eXp) 
in  Table  VI. 

Peak  symmetry  and  dJ^y^/a  vaiues  f°r  50  PL  peaks  decrease  with 
increasing  flow  rate.  This  is  caused  by  the  two  processes  controlling 
the  peak  dispersion,  laminar  ("streamlining")  flow  of  the  liquid 
through  the  tube,  and  radial  diffusion  of  solute  molecules  in  the 
liquid.  As  discussed  in  the  section  on  streaming  potentials  in  ionic 
fluids  (I.C.5),  liquid  at  the  center  of  a  confined  flowing  stream  will 
move  at  a  faster  rate  than  liquid  at  the  walls  of  the  tube,  due  to 
stagnation  at  the  liquid-surface  interface  and  the  viscosity  of  the 
liquid.  This  produces  an  asymmetrical  concentration  profile 
("tailing")  across  the  length  of  the  peak,  with  the  leading  edge  of  the 
peak  comprised  of  the  solute  moving  through  the  center  of  the  tube,  and 
the  trailing  edge  comprised  of  solute  moving  in  the  flow  lines  closer 
to  the  walls  of  the  tube.  Radial  diffusion  tends  to  counteract  this 
phenomenon  by  transporting  solute  molecules  across  the  velocity  gradi¬ 
ents,  reducing  dispersion  and  making  the  peak  more  symmetrical. 

Taylor  has  shown  that  a  finite  time  is  required  for  laminar  convec¬ 
tion  and  radial  diffusion  to  interact  so  that  the  flow  profile  reaches 
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Figure  27.  Peak  Width  at  Half  Height  Squared  as  a  Function  of  Sample 
Volume  Squared  for  the  Detector. 


Conditions  were  identical  to  Figure  26,  except  the  flow  rate  was  0.5 
nflVmirx/channel .  Concentration  response  (as  in  Figure  25)  was  used. 

Upper  line:  theoretical  line  of  o^2/  Vs2  =  2.02,  with  intercept 

(350  yL) 2 . 
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Table  VI. 

Evaluation  of 

Dispersion 

Due  to  the 

Detector. a 

Flow  Rate 

v° b 

o  c 
% 

d 

a 

exp 

a  e 

theory 

(slope  of 

(mL/min/ 

channel) 

(yL) 

(yD 

(DL) 

u,2vsv  1y!’ 
h  s 

0.25 

2.17 

350 

161 

160 

1.62 

0.5 

1.75 

353 

201 

226 

1.85 

1.0 

1.69 

345 

204 

320 

1.75 

2.0 

1.11 

320 

289 

452 

1.5  ,  2.0g 

a.  Detector  configuration  and  conditions  are  given  in  Figure  26. 
Samples  were  10  ^  M  CuCNO^)^  in  0.1  M  KNO^,  volumes  were  estimated  by 
timing  the  amount  of  sample  injected. 

b.  Ratio  of  peak  width  at  half-maximum  height  to  variance  for  a 

50  yL  sample.  The  variance  of  the  peaks  was  determined  graphically  (see 
text ) . 

2 

c.  Obtained  as  the  y-intercept  of  the  plot  of  (w^)  as  a  function 

2 

of  sample  size  squared  (Vg  ).  A  representative  plot  is  shown  in 
Figure  27. 

d.  Product  of  Wi  °  and  (u)] JO)  ^  . 

'i.  2 

e.  Values  were  computed  from  Equation  96,  using  r  =  0.025  cm, 

”6  2  “l 

L  =  300  cm,  D  =  5x10  cm  sec  ,  and  F  =  indicated  flow  rate  (mL/sec 
m 


total) 


f.  Slopes  were  computed  from  data  at  300  yL  and  500  yL  sample 


volumes . 


g.  Slope  was  computed  from  data  at  500  yL  and  1000  yL  sample 


volumes . 


151 


steady-state,  namely  (119), 


T  =  r2/14.4  D 
ss  m 


(86) 


where  T  is  in  seconds,  r  is  the  radius  of  the  tube  (cm),  and  D  is 
ss  m 

2  -1 

the  molecular  diffusion  coefficient  (cm  sec  ).  For  CuCl^  in  0.1  M 

""6  2  “1 

NaCl  (similar  to  our  system),  D  =  5x10  cm  sec  (121),  and  r  =  0.025 

m 

cm,  thus  Tgs  =8.7  sec.  In  our  system,  the  transit  time  through  a  tube 
of  0.5  mL  volume  ranges  from  60  sec  (0.25  mL/min/channel  flow  rate)  to 
7.5  sec  (2.0  mL/min/channel  flow  rate).  Thus,  in  our  system,  Taylor's 
criterion  is  not  always  satisfied.  Residence  times  less  than  that 
described  by  Equation  85  result  in  asymmetrical  peaks,  as  reported  by 
Hofmann  and  Halasz  (120). 

In  Table  VI,  a  values  are  compared  to  a  u  obtained  from 

exp  r  theory 

Taylor's  equation  for  dispersion  of  solutes  in  liquids  flowing  in  a  tube 
(119): 


C 


M  I exp[-(L-x)2/L246] 
Trr2  \  2  (tt6L2)^ 


(87) 


In  this  equation,  C  is  the  concentration  (molar)  of  a  solute  measured 
at  distance  x  (cm)  from  the  point  of  injection  of  the  solute  into  a 
flowing  stream,  M  is  the  absolute  quantity  (moles)  of  solute  injected 
into  the  tube,  r  is  the  radius  of  the  tube  (cm),  L  is  the  distance  (cm) 
from  the  point  of  injection  to  the  point  of  maximum  solute  concentra¬ 
tion,  and  5  is  a  dimensionless  dispersion  number, 

(S  =  D  t/L2 
a 


(88) 


Here,  t  is  the  time  (sec)  for  the  liquid  to  traverse  the  distance  L, 


and  D  is  termed  the  axial  diffusion  coefficient,  given  by  the  formula 
& 


(120) 


2  2 

D  =  D  +  r  u  /48  D 
am  m 


2  -1 

D  is  the  molecular  diffusion  coefficient  (cm  sec  ),  and  u  is  the 
m 

average  linear  velocity  of  the  fluid  (cm  sec  *). 

We  are  interested  in  the  spreading  of  a  peak  in  terms  of  peak 
volume,  not  length  along  a  tube,  so  we  can  convert  Equation  86  into 
volume  terms  using  the  following  relations: 


t  =  V/F 


L  =  V/Trr 


x  =  V  /nr 

X 


u  =  F/ur 


2  2  2 
D  =  F  /48  D  nr 
a  m 


where  V  is  the  total  volume  of  the  tube  (cm  ) ,  F  is  the  volumetric  flow 

3  -1 

rate  of  the  solution  (cm  sec  ),  and  V  is  the  volume  of  the  tube 

x 

from  the  point  of  injection  to  point  x.  Equation  86  then  becomes 


48D  M  , 

C  =  - ~r  exp  [-(V-V  r  •  12  D  /TTr  LF ] 

2*r2FLz  °  m 


The  variance  of  the  peak  described  in  Equation  94  is  equal  to  its 


second  moment  (122),  and  this  is  given  by 


exp  \  24  D 


4  V* 
ur  LF  \ 


This  produces  the  well-known  result  that  sample  spreading  in  an  open 
tube  is  proportional  to  the  square  of  the  radius  and  square  root  of  the 
length  of  the  tube  (120). 


The  extremely  close  agreement  between  °j.^eory  and  aexp  at  very  low 

flow  rates  must  be  viewed  as  being  somewhat  fortuitous  in  view  of  our 

2  ”1 

arbitrary  choice  of  D„  =  5x10  cm  sec  in  0.1  M  KN0o  at  room 

CuiT  —  d 

temperature  as  well  as  the  approximate  value  used  for  the  tube  radius. 

The  data  clearly  indicate  that  the  experimental  variance  does  not 

increase  in  proportion  to  the  square  root  of  flow  rate  or  linear 

velocity.  This  square  root  dependence  is  tacitly  assumed  by  Ruzka  and 

Hansen  et .  al .  (119)  in  their  work  on  "Flow  Injection  Analysis." 

Our  values  of  0^  at  higher  flow  rates  are  significantly  lower 

than  those  predicted  by  Equation  96.  There  are  several  reasons  for 

this  discrepancy.  At  the  higher  flow  rates,  the  residence  times  of  a 

peak  in  our  system  approaches  and  even  drops  below  Tgs  (Equation  85) 

required  for  Taylor's  equation  to  be  valid.  Here,  the  laminar  flow 

profile  is  not  fully  developed  and  turbulence  lowers  peak  spreading. 

This  is  one  great  problem  in  reconciling  peaks  in  "Flow  Injection 

Analysis"  with  fluid  flow  theory  (119),  where  the  statement  is  made 

"within  the  range  of  tube  lengths  and  diameters  used  in  Flow  Injection 

systems,  (dispersion]  is  independent  of  tube  diameter  for  the  same 

residence  time  T."  This  statement  is  in  direct  conflict  with  Equation 

95,  derived  from  Taylor's  original  work. 

Another  reason  for  the  discrepancy  between  our  values  of  a  and 

exp 

a  ,  is  the  fact  that  our  system  is  heated.  This  will  increase  D.., 

theory  J  M’ 

and  thus  lower  total  dispersion,  according  to  Equations  94  and  9b. 


A  third  characteristic  of  our  system  which  lowers  the  dispersion  of 
a  peak  is  the  coiling  of  the  delay  line  between  sample  loop  and  detec¬ 


tor.  Recent  experimental  work  by  Hofmann  and  Holasz  (120)  as  well  as 
the  theoretical  studies  of  Nunge  et .  al .  (120a)  demonstrate  a  very 
complex  dependence  of  variance  on  flow  rate  in  open  helically  coiled 
tubes.  In  general,  at  intermediate  and  high  flow  rates  O  will  be 
smaller  than  that  predicted  by  Equation  96  due  to  the  induction  of 
secondary  radial  flow  by  the  centrifugal  force  on  the  fluid  as  it  moves 
in  a  curved  tube.  This  secondary  flow  of  liquid  in  the  tubing  stabi¬ 
lizes  the  flow  profile  and  reduces  laminar  dispersion.  Hofmann  and 
Holasz  (120)  have  shown  that  this  can  have  a  large  effect  on  dispersion 
in  situations  where  the  diameter  of  the  coil  is  over  100  times  the 
diameter  of  the  tube.  This  effect  becomes  more  significant  with  higher 
flow  rate,  and  this  is  evident  in  our  examples  where  spreading  diverges 
from  theory  as  flow  rate  is  increased. 

Finally,  the  observed  dispersion  in  our  system  is  influenced  by  the 
method  of  introduction  of  a  sample  into  the  flowing  stream.  The 
evidence  for  this  conclusion  follows;  Ideally,  the  total  variance  (cr^,) 
of  a  peak  traveling  through  a  system  which  causes  spreading  is  related 
to  the  variance  due  to  the  sample  volume  (O  )  and  dispersion  caused  by 
the  flow  system  (cr^)  through  the  following  relation  (122): 

°T  =  /  <as>2+  (V2  (97) 

2  2.2 

A  plot  of  aT  (or,  in  our  case  to,  )  against  a  for  varying  sample 

1  '2  S 

2 

sizes  would  then  result  m  a  straight  line  with  an  intercept  at  =  0 

2  2 

equal  to  oD  and  a  slope  of  (1.0)  for  spreading  in  a  single  stream, 
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2 

or  (2.0)  for  dilution  of  the  sample  with  a  second  stream  of  equal  flow 

2  2 

rate,  as  in  our  detector.  Figure  27  is  a  plot  of  Wi  against  V  for 

"2  s 

our  detector,  and  it  is  clear  that  the  observed  slope  is  not  4.0.  The 

slope  of  the  line  between  V  =  300  0L  and  V  =  500  OL  are  shown  in 

s  s 

Table  VI  for  all  flow  rates  tested. 

In  order  to  explain  the  discrepancy  between  spreading  in  our  system 
with  respect  to  dispersion  theory,  we  have  developed  a  model  of  fluid 
flow  through  a  reactor  such  as  ours. 

In  the  analysis  of  flow  dispersion  above,  we  have  assumed  constant 
flow  at  all  times,  and  this  is  not  the  case.  We  have  incorporated  a 
pulse-dampener  between  the  pump  and  sampling  valve  consisting  of  a 
fluid  capacitor  and  resistor,  as  described  in  Chapter  III.  This  acts 
as  a  low-pass  filter  to  decrease  the  effects  of  a  pulsating  input 
stream,  with  pulses  occurring  slower  than  five  times  per  second.  The 
filter,  then,  was  constructed  with  a  time  constant  of  over  five  seconds 
in  order  to  accommodate  this  frequency.  In  this  way,  a  very  steady 
flow  was  maintained. 

Our  sampling  technique  consisted  of  switching  in  and  out  a  Teflon 
sample  loop,  0.8  mm  I.D.  x  5  m  long.  The  resistance  to  fluid  flow  of 
this  loop  was  not  negligible  compared  to  the  other  fluid  resistors 
(pulse  dampener,  delay  coil)  in  the  flow  system.  Upon  switching  in 
this  loop,  the  resistance  of  the  arm  of  the  flow  system  increased,  and 
the  flow  rate  dropped,  as  the  fluid  capacitor  filled  with  liquid  to 
compensate  for  the  increased  back-pressure  beyond  it.  Since  the 
capacitor-resistor  system  produced  a  low-pass  filter,  and  the  pump 
delivered  liquid  at  a  constant  rate,  the  flow  rate  at  the  output  of  the 
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system  exponentially  approached  the  original  flow  rate.  This  phenome¬ 
non  can  be  modeled  by  the  following  sequence,  illustrated  in  Figure  28A: 


0  <  t  <  ^  : 

f(t)  -  Fq 

(98) 

t  =  Tj^  : 

«t>  -  Fo-AFo 

(99) 

T1  <  t  <  °°  : 

f(t>  -  (F  -  AF  )  +  AF 
o  0  0 

(100) 

In  the  above,  t  is  time,  f(t)  is  the  instantaneous  flow  rate  at  time  t, 
is  the  point  of  switching  in  the  sample  loop  (increased  resistance), 
Fq  is  the  original  flow  rate,  AFq  is  the  change  in  flow  rate  due  to 
the  instantaneous  increase  in  resistance  of  the  system,  and  k  is  the 
time  constant  (first-order)  of  the  fluid  capacitor-resistor  system.  As 
can  be  seen  from  Equation  85,  at  long  times,  the  flow  rate  reaches 


the  original  system  flow  rate. 

The  integrated  output  of  the  system  before  the  sample  loop  is 
switched  in  is  then 


Ti 

f  F  dt  =  F  T, 
J  o  o  i 


(101) 


Since  we  are  interested  in  a  loss  of  liquid  output  caused  by  the 
sampling  process,  the  change  in  system  output  after  the  sample  loop  is 
switched  in  relative  to  the  unperturbed  system  is 


(  °° 

j  F  -  J(F  -  AF  )  +  AF  (l-e_(t-Tl)//k)j  dt  =  AF  k 


(102) 


Figure  28.  Model  of  Liquid  Flew  Rate  and  Accumulated  Output  Volume 
for  Sample  Input  (Sampling  Loop)  for  the  Detector  System. 

F0  is  the  original  liquid  flow  rate. 

AF„  is  the  change  in  flow  rate  at  the  point  of  switching  in  (or  out) 
the  sample  loop. 

Ti  is  the  time  at  which  the  sample  loop  is  switched  in. 

T2  is  the  time  at  which  the  sample  loop  is  switched  out. 
k  is  the  first-order  time  constant  for  the  fluid  filter  (see  text) . 

All  figures  are  plotted  against  time. 

A.  Flow  rate  when  sample  loop  is  switched  in  at  T! . 

B.  Accumulated  output  volume  for  Plot  A.  Broken  line  is  continuation 
of  original  slope. 

C.  Flew  rate  when  sample  loop  is  switched  in  at  Ti  and  switched  out 
at  T2  (=  Ti  +  k) . 

D.  Accumulated  output  volume  for  Plot  C.  Broken  line  is  continuation 
of  original  slope. 
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The  integrated  output  of  the  flow  system  is  plotted  against  time  in 
Figure  28B.  This  shows  that  a  finite  amount  of  output  is  lost,  i.e., 
trapped  in  the  fluid  capacitor.  From  examination  of  this  figure,  it  is 
also  obvious  that  the  amount  of  sample  taken  over  a  period  of  time 
to  (T^  +  a)  is  less  than  would  be  found  if  the  flow  rate  remained 
constant  with  time. 

In  our  system,  however,  we  are  concerned  with  finite-sized  sample 
loops.  If  the  loop  is  switched  out  of  the  flow  system,  the  resistance 
to  flow  is  less,  and  the  flow  rate  increases.  For  this  model,  we 
assume  that  the  flow  rate  increased  the  same  amount  that  it  decreased 
upon  switching  in  the  sample  loop,  AF  .  It  then  again  settles  to  the 
original  flow  rate  Fq .  This  more  complete  model  is  given  below,  and 
illustrated  in  Figure  28C. 


0  <  t  <  Tjf 

f(t)  =  Fo 

(103) 

t  =  v 

f(t)  =  Fo-AFo 

(104) 

T1  <  t  <  Tj+a: 

f(t)  =  <Fo-  AFo)  +  AFo(l-e"(t'Tl)/k) 

(105) 

t  =  T2: 

f(t)  =  f(T1+a)  +  AFo 

(106) 

t  <  t  < 

2 

f(t)  =  (f(T1+a)+AFoj-  }(f(T1+a)+AFo)- AFo( 

l-e-(t-V/k)| 

(107) 

Here,  a  is  a  finite  time  after  7^  where  the  sample  loop  is  switched 
out,  and  T7  is  the  time  immediately  after  (,7’j  +  a),  where  the  flow  rate 
has  increased  by  AF  .  The  integrals  of  each  of  these  segments  can  again 


be  computed 


1 1 
*  r\ 


F  dt  =  F  T, 
o  o  o  1 


T,  +a 


/  1  F  -  '(F  -AF  )  +  AF  (l-e~(T~tl)/k)|dt  =  AF  k(2_a/k-l) 
JT  ol  o  o  o'  M  o' 


V ' 


(108) 


(109) 


/T’  V  ['(F0-Aro)«Fo(1-e-|‘/k)+AFo|  -  |<Fo-fiPo)+SFo(l-«-a/k)+AFo-Fo 

x  (l-e-<t/T2)/k)]dt  •  ',F0(l-e-a/k| 


(110) 


where  Equations  108  and  109  are  again  the  difference  in  output  between 
the  model  and  the  unperturbed  system.  This  integral  is  plotted  against 
time  in  Figure  28D. 

One  important  point  is  that  the  integral  given  by  Equation  108  and 
that  given  by  Equation  109  sum  to  zero.  This  result  is  what  is 
expected,  that  the  output  of  the  system  is  equal  to  that  of  the  unper¬ 
turbed  system  at  long  times.  Tnat  has  to  be  true  because  the  input  to 
the  system  is  constant  and  the  initial  and  final  fluid  resistances  are 
equal.  Thus,  the  fluid  capacitor  cannot  hold  more  fluid  (fluid  "lost" 
in  terms  of  output)  at  long"  time  steady-state  than  it  held  before  the 
initial  perturbation. 

This  model  again  shows  that  a  timed  sampled  loop  iror  '  to  ( +  a) 
will  not  inject  as  much  sample  as  would  be  derived  ..  constant 

flow  rate.  In  addition,  alter  the  sample  loop  is  swiched  out,  a 
specific  volume  will  pass  by  a  point  in  less  time  than  if  the  flow  rate 
were  constant . 

Thus,  since  our  samples  were  from  a  t imed  loop,  they  were  smaller 


than  the  volumes  calculated  assuming  a  constant  1  low  rate,  and  since 
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the  peaks  observed  at  the  output  of  the  detector  were  measured  on  a 

recorder  with  a  constant  time  axis,  they  were  apparently  compressed 

again  because  of  the  second  effect,  although  the  actual  volumes  were 

not  affected  here.  This  explains  the  fact  that  in  Figure  27,  all 

2 

points  correspond  to  a  lower  sample  size  for  specific  U),  values. 

'2 

2  2 

Finally,  with  very  large  samples  the  slope  of  the  to,  vs  V  line 

-5  —  s 

should  approach  the  theoretical  value,  since  the  digressions  of  flow 

rates  from  a  constant  value  are  transient  in  nature,  as  shown  in  Figure 

28C.  This  does  occur  with  our  system,  as  shown  in  the  data  in  Table  V 

2  2 

for  a  flow  rate  of  2.0  mL/min/channel .  The  slope  of  to,  vs  V  from 

2  -  S 

500  to  1000  dh  is  exactly  -+.U,  confirming  the  model  at  large  sample 
volumes . 

Sternberg  (122)  has  derived  the  equations  describing  the  output 
response  of  a  system  with  finite  input  sample  width.  As  the  sample 
width  increases,  the  peak  height  rises  to  a  maximum  and  the  peak  width 
increases,  as  shown  in  Figure  29.  Schifreen,  ejt  a  1 .  (123)  analyzed 
Sternberg's  equations  for  the  maximum  peak  height  in  terms  of  the  vari¬ 
ance  due  to  the  spreading  in  the  device  (a.)  and  sample  size  (6).  If 

U 

their  equation  is  normalized  to  the  maximum  obtainable  peak  height, 
then  using  H  as  the  peak  height  for  an  individual  sample  and  H  as 
the  maximum  obtainable  peak  height  (steady-state),  one  obtains 

H/Hss  =  erf  (0/2  /I‘n  )  (111) 

This  equation  was  originally  derived  for  Gaussian  peaks  in  gas  chrome- 
tography ,  and  we  have  used  it  as  our  model  here  even  though  our  peaks 
are  not  Gaussian.  Using  the  data  obtained  from  the  sample  volume 
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Figure  29.  Detector  Peak  Height  as  a  Function  of  Sarrple  Volume. 

Conditions  were  identical  to  Figure  26,  except  the  flew  rate  was  varied 
from  0.25  to  2.0  mL/min/channel.  Concentration  response  (as  in 
Figure  25)  was  used. 

H  /  Hgs  =  Peak  height  normalized  to  steady-state  peak  height. 

V  /  w  °  =  Ratio  of  nominal  sample  volume  to  peak  half -width  at  zero 
^  sarrple  volume  (see  Table  VI)  . 

Theoretical  curve  calculated  from  Equation  111,  using  a  =  0.8 
(  +  ,  solid  line) . 

Flew  rates  used  (mL/min/channel)  : 

A.  0.25  (  x  ) . 

B.  0.50  (□)  . 

C.  1.0  (<>). 

D.  2.0  (  A  ). 


I 
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studies,  and  normalizing  the  individual  peak  widths  to  the  minimum  peak 

widths,  a),  ° ,  we  obtain  Figure  29.  The  solid  line  is  the  response 
*2 

according  to  Equation  110,  using  O  =  0.8  (jJj  ° .  The  peaks  thus  lie  very 

d  "*2 

close  to  the  theoretical  curve  using  this  value  for  C  .  This  value 
does  not  agree  with  those  given  in  Table  VI,  but  this  is  also  because 
of  the  sample-compression  characteristics  of  the  system  described 
earlier  in  this  section  and  the  different  peak  shape, 
b.  Peak  return  to  baseline  after  injections  of  differing  Cu(LI) 
concentrat ion . 

A  second  characteristic  important  to  the  utility  of  a  chromato¬ 
graphic  detector  is  its  recovery  time  after  peaks  of  different  magni¬ 
tudes  pass.  This  shows  how  soon  the  detector  is  able  to  see  a  small 
peak  which  follows  a  large  one.  We  have  defined  the  detector's 
recovery  time  for  our  purposes  as  the  length  of  time  required  for  the 
trailing  edge  of  a  steady-state  >eak  to  fail  to  a  point  9  mV  above  the 
background  cell  potential.  This  point  (9  mV  above  background)  repre¬ 
sents  a  Cu(II)  concentration  approximately  twice  the  residual  concen¬ 
tration  from  CuEDTA  dissociation,  or  approximately  1  pM  excess  Cu(II) 
(.see  Equat  ion  1 ) . 

This  definition  of  recovery  time  is  fundamentally  different  from 
the  time  for  a  peak  to  fall  to  half  its  maximum  value.  Our  definition 
utilizes  absolute  concentrations  of  the  peak  and  background,  and  thus 

—  t*"  /tr 

for  a  specific  relaxation  function  (as  C  =  C^e  ,  a  s impl i f icat ion 

of  Taylor's  equation)  is  concentration  dependent.  Time  for  a  peak  to 
fall  to  half  maximum  is  a  relative  measure,  and  thus  is  not  concentra¬ 


tion  dependent. 
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One  point  which  must  be  mentioned  is  that  the  time  for  a  peak  to 
fall  to  half  maximum  as  used  in  our  detector  refers  to  the  concentra¬ 
tion  (antilog)  output.  If  the  potential  response  is  used,  then  there 
is  a  concentration  dependence,  since  the  potential  scale  is  logarith¬ 
mic.  This  is  illustrated  in  Table  VII,  where  various  representations 
of  the  recovery  time  are  shown  for  different  size  peaks,  according  to 
the  simple  approximation  of  Taylor's  equation  (Equation  86)  and  thus 
our  detector  response  function 


C  = 


C  e 
o 


-t^/x 


r 


(112) 


The  recovery  time  as  defined  by  our  criteria  are  given  in  Table 

VIII  for  the  detector  using  CutNO^^  samples.  The  far  right  column 

consists  of  values  calculated  from  Equation  112  using  =  280 
-2 

sec 

Equation  112  describes  a  Gaussian  peak  centered  at  t  -  0,  with  0 

\, 

equal  to  (x  /2)2.  Using  T  calculated  above,  and  a  flow  rate  of  1.0 
r  r 

mL/min,  we  arrive  at  0  =  197  pL.  This  is  in  excellent  agreement  with 

a  in  Table  VI  which  for  0.5  mL/min/channe 1  is  201  PL.  The  agreement 
exp 

between  the  calculated  points  and  those  obtained  experimentally  and  the 
calculated  and  experimental  values  of  o  show  a  strong  applicability  of 
the  model  Equation  112  to  our  system.  This  also  shows  the  validity 
of  the  definition  of  recovery  time  to  the  modeling  of  a  system  response 
to  a  real  peak. 

2.  Effect  of  delay  coil  length  (reaction  time)  on  extent  of  displace¬ 
ment  reaction  for  Ni (II). 
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Table  VII.  Various  Measures  of  Recovery  Time  for  a  Detector 

-t?/T 

r  3 

to  the  Concentration  Function  C  =  C  e 


Co 

wu,cb 

Trd 

(dimensionless) 

(sec) 

(sec) 

( sec) 

IQ'5 

0.83 

1.07 

1.52 

10~A 

0.83 

1.52 

2.14 

io~3 

0.83 

1.86 

2.63 

io~2 

0.83 

2.15 

3.03 

a.  Definitions  of  symbols: 

C  =  concentration  at  time  t  (arbitrary  units) 

C  =  maximum  concentration  (arbitrary  units) 
o 

2 

T  =  second-order  time  constant  (sec  ),  set  equal  to  1.0 

b.  Defined  as  the  time  required  to  fall  to  C  -  kC  • 

o 

“6 

c.  Defined  as  the  time  required  for  log.^  (C/10  )  to  fall  to  half 

the  value  of  log^  (0^/10  ).  Simulates  the  time  in  our  detector  for 

the  potential  to  fall  to  half  of  its  peak  value. 

-6 

d.  Defined  as  the  time  required  to  fall  to  C  =  10 
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Table  VII [.  Recovery  Time  for  the  Detector3 


Concentration 

Recovery 

Standard  deviation 

Calcul ated 

Cu(II) 

Time*5 

of  recovery  timec 

Recovery  time 

(M) 

(sec) 

(sec ) 

(sec) 

-6 

10 

6 

2 

_ 

-6 

3  x  10 

16 

2 

16 

-5 

10 

22 

2 

23 

-5 

3  x  10 

29 

1 

31 

-4 

10 

35 

2 

36 

-4 

3  x  10 

42 

1 

40 

-3 

10 

43 

2 

44 

3  x  in' J 

45 

3 

47 

-? 

10 

54 

3 

51 

a.  Detector  configuration  and  conditions  are  given  in  Figure  26. 
Cu(II)  samples  are  solutions  of  the  stated  concentrations  on  0.1  M  KNO^. 

b.  Defined  as  the  time  required  for  the  trailing  edge  of  a  steady- 

state  peak  to  fall  to  a  potential  9  mV  above  original  potential.  At  this 

point,  [Cu( 1 1 )  1  =  2 [Cu( II)],  . 

background 

c.  Standard  Deviations  were  obtained  from  three  replicates. 

-tZ/TR  •  _6 

d.  Calculated  with  the  equation  C  =  C^e  ,  where  C  =  10  M  Cu(II) 


aft 
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From  the  experiments  with  the  dip-type  electrodes,  we  had  deter¬ 
mined  that  the  kinetics  of  exchange  between  Ni(II)  and  CuEDTA  were  the 
slowest  of  any  metals  we  had  tested.  To  determine  the  effect  of 
exchange  kinetics  on  the  sensitivity  and  detection  limit  of  the 
detector,  we  used  two  different  heated  delay  coils,  one  0.5  mm  diameter 
x  5  m  long  (1.0  mL  total  volume),  and  the  other  0.5  mm  diameter  x  2.5  m 
long  (0.5  mL  total  volume).  We  also  adjusted  the  flow  rate  to  vary  the 
residence  time  in  the  delay  coils.  From  our  earlier  studies,  we  had 
concluded  that  the  parameters  for  the  system  which  presented  an  optimum 
trade-off  of  sensitivity  and  exchange  kinetics  for  our  purpose  were  a 
background  solution  of  0.01  M  CuEDTA,  adjusted  to  pH  4.00  and  0.1  M 
KlJj.  The  temperature  of  the  heated  portion  of  the  delay  coil  was 
set  at  75°C  as  a  compromise  to  allow  the  reaction  to  proceed  at  the 
highest  possible  rate  without  constantly  degassing  the  solution  and 
forming  bubbles  in  the  coil.  The  solution  flowing  through  the  sample 
channel  was  0.1  M  KNO^  and  all  samples  were  made  in  0.1  M  KNO^  back¬ 
ground.  These  parameters  were  used  in  all  experiments  with  the 
assembled  detector. 

The  results  of  these  experiments  are  shown  in  Figure  30.  There  is 
a  dependence  of  the  magnitude  of  the  steady-state  signal  on  residence 
time,  which  is  expected  in  the  case  of  a  kinetically  slow  reaction. 

The  electrode  measures  free  Cu(Il)  concentration  at  a  specific  point  on 
the  time  axis  of  the  reaction  profile  and  thus  reaches  a  steady-state 
potential  governed  by  the  extent  of  reaction  at  that  particular  time. 

As  car  be  seen  from  the  figure,  the  sensitivity  of  the  detector 
over  most  of  the  range  is  not  affected  by  shortening  the  delay  coil  so 
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Figure  30.  Steady-state  Logarithmic  Response  of  Detector  to  Ni(N03)2 
Samples . 


Conditions  were  identical  to  Figure  26,  except  delay  coil  length  and 
flow  rate  were  varied.  Sample  solutions  used  were  Ni  (ISO 3 )  2  at  concen¬ 
trations  shewn  in  0.1  M  KND3.  Potentials  plotted  are  the  differences 
in  cell  potential  from" potential  under  original  conditions,  0.01  M 
CuEDTA  in  0.1  M  KN03,  pH  adjusted  to  4.0  with  KOH  and  HN03. 

A.  Delay  coils  2.0  m  long  by  0.5  ran  I.D.  at  75°C  (64  sec  delay)  and 

0.5  m  long  by  0.5  mm  I.D.  at  25°C  (17  sec  delay).  Flcrw  rate  0.5 

ml/min/channel,  total  delay  coil  volume  1.25  mL  (  A  ) . 

B.  Delay  coils  1.0  m  long  by  0.5  ran  I.D.  at  75 °C  (33  sec  delay)  and 

0.5  m  long  by  0.5  ran  I.D.  at  25°C  (17  sec  delay).  Flew  rate  0.5 

ml/min/channel,  total  delay  coil  volume  0.75  mL  (  o  ) . 

C.  Delay  coils  1.0  m  long  by  0.5  ran  I.D.  at  75°C  (17  sec  delay)  and 
0.5  m  long  by  0.5  mm  I.D.  at  25  °C  (7  sec  delay) .  Flow  rate  1.0 
mL/min/channel ,  total  delay  coil  volume  0.75  mL  (Q  ). 
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that  the  exchange  reaction  is  not  complete.  However,  the  sensitivity 
at  extreme  lower  levels  of  Ni(Il)  is  lowered  and  the  detection  limit  is 
raised.  This  is  due  to  the  fact  that  the  absolute  amount  of  Cu(II) 
produced  is  lower  with  a  shorter  reaction  time. 

From  this  data,  we  determined  that  a  residence  time  of  60  sec 
(heated)  and  15  sec  (unheated)  was  sufficient  to  allow  Ni(II)  to  reach 
equilibrium  in  its  reaction  with  CuEDTA,  and  30  sec  (heated)  and  15  sec 
(unheated)  was  sufficient  for  all  other  metals  tested. 

3.  Detector  response  to  various  metals. 

We  tested  the  detector  for  response  to  various  transitions  and  rare 
earth  metal  ions.  Ions  not  soluble  in  aqueous  solution  at  pH  4.0  were 
not  considered  feasible  candidates  under  the  conditions  we  used. 
Compounds  soluble  only  in  strong  acid  would  change  the  pH  of  the  CuEDTA 
stream  upon  mixing,  and  this  would  produce  a  signal  from  dissociation 
of  the  CuEDTA  complex  (see  Equations  40-48)  in  addition  to  that  from 
the  ligand  exchange.  Buffering  the  CuEDTA  solution  would  not  help  in 
this  case,  since  the  metals  would  precipitate  as  hydroxides. 

Ions  soluble  in  pH  4  solution  which  could  be  detected  with  the 

system  included  Ni(II),  Cu(II),  Pb(II),  Zn(II),  Cd(II),  Ce(III), 

La(III),  and  Co(Il).  Figure  31  is  a  plot  of  steady-state  potential 
.  .  .  -7  -2 

achieved  for  injections  from  3x10  to  10  M  metal  ion.  The  curves 
are  each  successively  offset  10  mV  in  order  to  make  the  figure  more 
easily  readable.  The  curves  all  exhibit  a  sigmoidal  shape,  like  the 
theoretical  curves  in  Chapter  II. 

We  fit  these  curves  to  Equation  67,  after  subtracting  the  blank 
(0.1  M  KNO^)  response  and  converting  the  potential  readings  to  Cu(ll) 
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Figure  31.  Steady-state  Logarithmic  Response  of  Detector  to 
Various  Metal  Ions. 


Conditions  were  identical  to  Figure  26,  except  delay  coil  residence 
times  for  Ni(II)  were  64  sec  at  75°C  and  17  sec  at  25°C.  Sample 
solutions  used  were  metal  salts  at  concentrations  shewn  in  0.1  M  KN03 . 
Potentials  plotted  are  the  difference  between  initial  and  steady- 
state  cell  potentials.  Original  solution  was  0.01  M  CuEDTA  in  0.1  M 
KIND 3 ,  pH  adjusted  to  4.0  with  KOH  and  HNO3 .  Plots  for  different 
metal  salts  are  successively  offset  by  about  10  mV  for  clarity  of 


display. 
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concentration.  For  this  purpose,  we  used  a  general  mu  1 1 iparame t r i c 
curve-fitting  computer  program  developed  by  Meites  (124).  The  program 
fits  data  to  a  user-entered  equation,  which  can  have  up  to  nine  adjust¬ 
able  parameters,  by  minimizing  the  sum  of  squares  of  deviations  between 
the  calculated  and  experimental  curves.  Results  of  the  fit  are  given 
in  Table  IX.  This  table  shows  that  the  theory  in  Chapter  II  describes 
the  steady-state  response  of  the  detector  quite  well.  The  values  of  8 
(Equation  61)  calculated  from  the  detector  response  to  metals  are  all 
close  to  those  calculated  from  literature  values  of  the  formal  equilib¬ 
rium  constants  of  the  individual  metals  and  Cu(II)  with  EDTA  (115).  In 
addition,  8*  and  f  values  are  all  close  to  each  other,  indicating  that 
the  CuEDTA  solutions  produced  by  the  method  described  earlier  are  very 
reproducible  with  respect  to  their  stoichiometry.  The  computed  value 
of  8*  is  low  compared  to  that  calculated  from  Equations  48-50  and  62; 
this  is  explained  by  the  fact  that  the  CuEDTA  contains  a  'light  excess 
of  Cu(II)  (Chapter  IV. A. 2)  and  discrimination  between  a  low  8*  value 
without  excess  Cu(ll)  and  a  high  8*  value  with  a  small  amount  of  excess 
Cu(II)  is  possible  only  with  a  large  number  of  data  points  at  low 
values . 

One  significant  point  about  the  curves  is  that  the  data  for  the 

salts  CdCl^  and  CdiNO^^  are  almost  identical.  This  is  true  even 

though  the  concentration  of  chloride  at  the  upper  end  of  the  CdCl,, 

_2 

curve  (10  M)  is  approximately  100  times  the  force  Cu(ll)  concentra¬ 
tion.  The  experimental  curves  involving  CdCl^,  however,  showed  a 
small  but  definite  overshoot  at  the  trailing  end  of  the  peak  at  concen¬ 
trations  above  10  ^  M.  We  postulate  that  this  is  caused  by  the  tran- 


Table  IX.  Experimental  Estimates  of  the  Dimensionless  Parameters 
Governing  the  CuEDTA-Mn+  Exchange  Reaction.3 
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Metal  ion° 

f  c 

6 

* 

d 

6  e 

Pexp 

^1  it 

Ni(Il) 

1.00000 

6.0 

X 

107 

0. 

12 

0. 

66 

Pb(Il) 

0.99992 

4.2 

X 

io7 

0. 

39 

0. 

33 

Zn(II) 

0.9998 

3.0 

X 

io7 

1.1  X 

io"3 

3.0  x 

-3 

10 

Cd(Il) 

0.99999 

5.9 

X 

io7 

2.5  x 

io  3 

4.6  x 

-3 

10 

Cd(Il)8 

1.00000 

1.3 

X 

t— * 

o 

00 

1.7  x 

-3 

10 

4.6  x 

-3 

10 

Co(Il) 

1.00000 

3.4 

X 

io7 

4.3  x 

-3 

10 

3.2  x 

-3 

10 

Cc(III) 

1.00000 

5.7 

X 

io7 

1.9  x 

io  3 

1.6  x 

io-3 

La(lll) 

0.99999 

5.4 

X 

io7 

3.2  x 

io~4 

5.0  x 

io~4 

a.  Detector  configurations  and  conditions  are  given  in  Figure  26, 
and  data  are  plotted  in  Figure  30.  Parameters  were  obtained  from  a 
mult iparametric  least-squares  fit  of  the  experimental  data  to  Equation 
67. 

b.  Nitrate  salts  of  metal  ions  were  used,  unless  otherwise 
spec  if ied . 

c.  Defined  in  Equation  60. 

d.  Defined  in  Equation  62. 

e.  Defined  in  Equation  61. 

.  o 

f.  V'alues  were  calculated  from  Reference  14  for  ions  at  20  C  in 

0. 1  M  KNCy 

g.  Chloride  salt  was  used. 

h.  Sulfate  salt  was  used. 
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The  sigmoidal  shape  of  Che  meta 1 -response  curves,  while  pleasing 
theoretically,  limit  the  system's  utility  as  a  metal  ion  detector, 
since  linear  response  plots  are  the  easiest  to  interpret.  For  this 
reason,  the  linear  portions  of  the  curves  were  extracted  and  least- 
squares  analysis  was  performed  on  the  data.  The  results  are  given  in 
Table  X.  The  "signal-to-noise  (S/N)  ratio"  has  been  defined  for  our 
purposes  as  the  ratio  of  the  potential  difference  between  the  lowest 
concentration  studied  and  a  blank  (0.1  M  KNO^)  injection  to  the 
standard  deviation  of  the  potential  measurement  for  the  lowest  concen¬ 
tration  studied.  It  is  evident  that  micromolar  concentrations  can 
easily  be  detected  and  3x10  ^  M  in  all  metals  which  we  studied  at  that 
concentration. 

Hie  linear  range  of  all  of  the  metals  we  studied  is  at  least  three 
orders  of  magnitude,  with  slopes  from  15  to  28  mV/decade  and  correla¬ 
tion  coefficients  at  or  above  0.997.  This  shows  the  ability  of  the 
system  to  accommodate  wide  variations  in  metal  ion  concentrations 
before  sensitivity  is  lost. 

Because  of  the  analytical  importance  of  the  linear  regions  of  the 
metal  response  curves,  it  is  important  to  compare  experimental  curves 
to  these  predicted  by  our  model  using  thermodynamic  metal-ligand 
complex  formation  constants.  In  Table  XI  we  compare  the  experimental 
slopes  for  metal  ions  over  the  linear  ranges  defined  in  Table  X  to 
simulated  data  over  the  same  ranges.  Complex  formation  constants  from 
the  literature  (115)  and  from  curve- f itt ing  of  the  experimental  data  to 
the  model  (Table  IX)  were  both  used  for  comparison.  The  slope  obtained 
experimentally  is  always  within  1.5  mV/decade  of  the  value  obtained  by 


3x10  -  3x10  28.0  0.5  0.999 
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a.  Detector  configuration  and  conditions  are  given  in  figure  76, 
and  data  are  plotted  in  Figure  VI,  unless  otherwise  specified. 

b.  Nitrate  salts  of  metal  ions  we  re.  used,  unless  otherwise  speci- 

f  ied . 

c.  Computed  as  the  ratio  (E  -  F)/S  ,  where  F  -  E,  is  the 

s  b  s  s  b 

difference  in  steady-state  potential  between  a  3  x  10  7  M  metal  salt 

injection  and  blank  infection  (no  metal  salt  added),  and  S  is  the 

s 

standard  deviation  of  steady  state  potential  for  a  3  x  10  7  M  metal  salt 
injection,  using  three  replicates. 

d.  Range  of  concentrations  used  in  least-squares  analysis  of  data. 

e.  From  linear  least-squares  analvsis  of  data. 

f.  Sulfate  salt  was  used, 

g.  Chloride  salt  was  used. 

h.  Conditions  and  'data  are  given  in  Figure  29,  middle  curve 
(moderate  delay  coil  length). 

i.  Conditions  and  data  are  given  in  Figure  29,  lower  curve 
(shortest  delay  coil  length). 

-6 

j.  F  -  E,  is  computed  using  10  M  metal  salt  instea3  of 

s  b  — 

3  x  10~7  M. 
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Table  XI.  Comparison  of  Experimental  and  Theoretical  Slopes  of 
Metal  Ion  Response  over  the  "Linear"  Range  of  the  Detector0 


b  c 

Metal  ion  Slope 

Reference 

Theoretical 

Theoretical 

(mV/decade [M] )  Sloped 

(mV/decade (Cu 

Slope  (exp)e 
])  (mV/decade [M] ) 

Slope  (lit) 
(mV/decade [M] ) 

La(IV) 

15.7 

29.9 

15.8 

16.3 

Ce(IIl) 

8  18.0 

30.2 

18.4 

18.2 

Co(II) 

18.5 

29.9 

19.4 

18.9 

Cd(II) 

18.7 

30.4 

19.0 

20.0 

Cd( II)h 

18.4 

29.5 

18.4 

20.6 

Zn(II) 

18.2 

29.2 

15.4 

16.9 

Pb(II) 

26.2 

30.0 

26.5 

26.3 

Ni(II) 

28.2 

31.9 

27.3 

29.7 

a . 

Conditions  as  in  Figure  26,  and  experimental  data  plotted  in 

Figure 

30. 

b. 

Nitrate  salt  of  metal 

ion  used,  unless  otherwise  specified. 

c . 

From  Table  X,  over  the 

same  concentration  range. 

d. 

E(10~3M  Cu(II) )  ~  E(io 

"4M  Cu(Il) ) 

taken  previous  to 

response  curve. 

e . 

Least-squares  analysis 

of  linear 

range  using  3^  from  Table  X. 

f . 

Least-squares  analysis 

of  1 inea  r 

range  using  (?.  from  Table  X. 

exp 

g.  Sulfate  salt  was  used. 

h.  Chloride  salt  was  used. 
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our  model.  The  "reference  slope"  is  the  slope  of  the  electrode 
response  to  cupric  ion  on  the  day  that  the  specific  calibration  curve 
was  run.  Again,  this  value  can  vary  by  a  few  percent  because  of  the 
state  of  the  electrode  and  ambient  conditions.  We  think  that  this  is 
again  excellent  agreement  between  our  experimental  values  and  the 
model,  and  further  demonstrates  the  validity  of  the  technique. 

4.  Detector  response  to  common  anions  (excluding  halides). 

The  detector  was  tested  for  response  to  some  common  anions  as  their 
sodium  or  potassium  salts.  Injections  of  deionized  water  and  0.1  M  KNO^ 
were  used  as  blanks,  and  all  other  anions  were  injected  at  a  concentra¬ 
tion  of  0.01  M.  In  all  cases,  the  electrode  response  was  allowed  to 

proceed  to  steady-state. 

-  9— 

The  anions  H2P°4  (adjusted  to  pH  4.0),  SO^  =  (pH  4.0)  and 

biphthalate  (HCgH^O^  ,  pH  4.0)  gave  very  small  responses.  When  the  pH 

2-  2- 

was  not  adjusted  to  4.0,  as  in  the  case  of  CO^  (pH  6.9)  and  SO^ 

(pH  6.0),  the  potential  shifted  several  millivolts  negative.  This  was 
determined  to  be  caused  by  a  shift  in  the  Cu  +  EDTA  CuEDTA  equilib¬ 
rium  towards  formation  of  the  complex  because  of  the  increase  in  pH. 

We  reached  this  conclusion  because  of  the  different  results  of  the 

2-  2- 

SO^  experiments  at  pH  4  and  pH  6,  where  SO^  is  in  the  same  form 
in  both  cases.  Results  for  this  set  of  experiments  are  given  in  Table 
XII. 

5.  Detector  response  to  halide  ions. 

The  halide  ions  were  tested  for  response  in  the  same  way  as  the 
previous  anions.  In  these  cases,  however,  the  peak  shapes  were  very 
different.  For  F  ,  Cl  ,  and  Br  ,  as  the  peak  front  passed  the  electrode, 
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Table  XII.  Steady-state  Reponse  of  the  Detector  to  Common  Anion  Salts.3 


Anion 


Steady-state 

potential*3 

(mV) 


Standard  deviation 
of  potential0 
(mV) 


d 

0.86 

no3"  6 

2.45 

vv 

2.5 

HC6\V 

2.5 

2- 

so4 

-0.96 

2-  f 

SO, 

4 

-7.1 

hco3~  g 

-8.8 

0.  12 
0.09 
0.4 
0.5 
0.05 
0.1 
0.1 


a.  Detector  configuration  and  conditions  are  given  in  Figure  26. 
Samples  consisted  of  O.Ol  M  solutions  of  the  sodium  or  potassium  salts 
of  the  anions  in  0.1  M  KN03 ,  with  the  pH  of  the  sample  solution 
adjusted  to  4.0  with  HNO^ ,  unless  otherwise  specified. 

b.  Difference  between  peak  potential  and  original  cell  potential. 

c.  Standard  deviations  were  obtained  from  three  replicates. 

d.  KNO^  was  omitted  from  sample. 

e.  Concentration  of  NO^  was  0.1  M. 

f.  pH  was  measured  to  be  6.0. 

g.  pH  was  measured  to  be  6.9. 
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the  potential  shifted  negative,  indicating  an  apparent  decrease  in 
Cu(II)  concentration.  The  potential  then  settled  back  to  a  value  close 
to  the  background.  As  the  sample  tail  passed,  the  converse  occurred, 
the  potential  shifting  sharply  in  the  direction  of  higher  Cu(II) 
concentration,  and  again  settling  to  the  background  value.  These  peaks 
are  shown  in  Figure  32.  These  results  can  be  explained  qualitatively 
using  the  model  of  transient  electrode  response  proposed  by  Morf  (63) 
(see  Section  I.C.6).  He  proposed  a  model  for  transient  electrode 
response  based  on  a  heterogenious  membrane  electrode,  which  explained 
potential  overshoots  in  the  case  of  interfering  ions  of  the  same  charge 
as  the  measured  ion.  If  ions  of  opposite  charge  of  the  measured  ion 
are  considered,  an  overshoot  in  the  opposite  direction  (lower  apparent 
measured  ion  concentration)  is  possible  with  this  model. 

The  detector  response  to  I  was  completely  different.  The  elec¬ 
trode  potential  shifted  strongly  toward  lower  Cu(II)  activity,  but  the 
peak  leveled  off  to  a  steady-state  value  during  the  sample  injection. 
After  the  sample  tail  passed,  the  electrode  potential  returned  to  the 
original  value.  The  electrode,  however,  was  no  longer  responsive  to  a 
10  ^  M  Cu(II)  sample,  and  proper  (Nernstian)  response  to  Cu(II)  samples 
could  not  be  restored  by  polishing  the  electrode. 

The  differences  in  response  of  the  electrode  to  halides  can  be 
explained  by  the  fact  that  silver  halides  are  less  soluble  in  the  order 
AgF  <  AgCl  <  AgBr  <  Agl.  Therefore,  the  interference  by  the  four 
anions  should  be  more  pronounced  in  that  order,  if  solubility  of  the 
silver  salts  is  a  factor,  i.e.,  a  coating  of  the  silver  halide  forming 
on  the  surface.  Also,  the  ternary  salt  Ag^Sl  has  been  synthesized  and 


Figure  32.  Dynamic  Response  of  Detector  to  Potassium  Halide  Samples . 


Conditions  were  identical  to  Figure  26.  All  samples  were  0.01  M 
potassium  halide  in  0.1  M  KN33.  Traces  are  cell  potential  as  a 
function  of  time. 


characterized  (76),  and  this  compound  could  form  on  the  surface  of  the 
membrane  when  iodide  is  passed  over. 

Thus,  in  using  the  detector,  one  must  avoid  drastic  pH  changes, 
since  they  will  alter  the  background  Cu(II)  concentration.  Bromide  and 
iodide  should  also  be  avoided,  the  first  because  it  produces  large  and 
slow  transients  as  it  passes  the  electrode,  and  the  second  because  it 
poisons  the  electrode. 


V.  CONCLUSION 


In  this  report,  we  have  described  the  development  and  operation  of 
a  liquid  chromatography  detector  applicable  to  transition  and  rare 
earth  metal  ions.  Crucial  to  the  detector,  we  designed  and  character¬ 
ized  a  flow-through  cupric  ion-selective  electrode  with  Nernstian 
response  down  to  at  least  10  ^  M  Cu(II)  and  dynamic  response  better 
than  those  described  in  the  literature  under  similar  conditions. 

The  apparatus  is  simple  and  inexpensive  to  construct,  and  exhibits 
a  detection  limit  of  1.5x10  mole  metal  ion  absolute.  Other  reagents 
can  be  used  to  tailor  the  sensitivity  and  selectivity  to  specific 
applications,  according  to  a  theoretical  model  based  on  thermodynamic 
data  of  metal-ligand  complex  formation.  The  detector  response  agrees 

4 

well  with  the  theoretical  model  over  a  concentration  range  of  3x10  . 
Common  anions  which  do  not  complex  with  Cu(Il)  or  the  metal  ion 
measured  do  not  interfere  with  response,  although  halide  ions  cause  a 
transient  shift  in  the  electrode  potential  (except  I  ,  which  poisons 
the  electrode)  in  the  order  F  <  Cl  <  Br  <  I  .  This  is  due  to  the 
characteristics  of  the  cupric  ion-selective  electrode  itself.  These 
ions,  however,  should  be  fairly  easily  eliminated  from  solutions  by 
ion-exchange,  should  they  be  a  problem. 
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APPENDIX.  AN  AUTOMATIC  SIGNAL-OFFSET  MODULE 
A.  Introduction 

There  are  three  common  ways  to  transmit  signals  which  vary  over 
wide  ranges  to  a  single-range  recording  device:  (1)  conversion  of  the 
input  signal  to  its  logarithm,  (2)  attenuation  of  the  input  signal  by 
an  amplifier  with  switchable  fixed  gains,  and  (3)  addition  to  the  input 
signal  of  opposing  fixed  potentials  with  a  summing  amplifier. 

The  first  option  can  provide  a  dynamic  range  of  typically  four 
orders  of  magnitude  (125),  but  the  precision  of  output  referenced  to 
the  signal  is  poor,  particularly  when  large  signals  are  being  measured. 
Also,  data  is  not  easily  interpreted  without  reconversion  to  its 
original  form.  The  second  option,  attenuation,  is  widely  used  (126  and 
references  therein),  but  again  loses  precision  at  high  input  signals, 
since  the  precision  of  output  is  controlled  by  the  attenuator  setting. 
The  third  option,  addition  of  opposing  potentials  (offsets)  has  usually 
been  used  to  add  a  single  offset  to  a  signal,  only  doubling  the  effec¬ 
tive  range  of  the  recording  device.  This  severely  restricts  the 
utility  of  such  a  system. 

Here  we  describe  a  system  for  adding  multiple  offsets  to  an  input 
signal,  greatly  extending  the  range  of  a  recording  device,  while 
keeping  the  same  absolute  precision  over  the  entire  range.  The  system 
is  designed  to  extend  the  range  of  a  recording  device  by  a  factor  of  16. 
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B.  Functional  Description 

A  block  diagram  of  the  automatic  offsetting  module  is  shown  in 
Figure  33.  The  input  signal  is  amplified  by  -1,  -10,  or  -100.  This  is 
necessary  for  two  reasons.'  First,  the  subsequent  electronics  are 
designed  for  a  full-scale  output  of  approximately  1  volt.  This  first 
stage  enables  the  user  to  work  with  signals  much  smaller  than  this. 
Second,  the  use  of  an  inverting  amplifier  in  this  stage  counteracts  a 
second  inversion  by  the  summing  amplifier  to  restore  the  output  signal 
to  its  correct  polarity. 

The  next  stage  is  the  summing  amplifier,  where  the  incoming  signal, 
any  fixed  offsets,  and  offsets  due  to  the  signal  exceeding  a  set  "top 
of  scale"  potential  or  falling  below  0  volts  are  added  to  produce  the 
output  signal. 

The  output  of  the  summing  amplifier  is  also  fed  into  two  compara¬ 
tors.  The  first  will  change  polarity  when  its  input  exceeds  a  "top  of 
scale"  potential  set  by  the  user.  This  sends  a  signal  to  the  additive 
offset  source  (AOS)  to  subtract  one  "full  scale"  offset  from  the  output 
of  the  summing  amplifier,  bringing  it  back  within  the  boundary  condi- 
t ions . 

If  the  output  of  the  summing  amplfiier  falls  below  0  volts,  the 
second  comparator  changes  polarity,  sending  a  signal  to  the  AOS  to  add 
one  "full  scale"  offset  to  the  summing  amplifier's  output. 

The  AOS  has  the  capability  for  adding  or  subtracting  15  offsets  to 
the  summing  amplifier's  output.  If  more  offsets  than  this  are  needed, 
they  must  be  applied  externally  before  this  offsetting  circuit. 
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The  final  element  adds  a  user  selectable  fixed  amount  of  offset  to 
the  input  signal  in  order  to  be  able  to  subtract  an  offset  when  the 
input  signal  to  the  preliminary  amplifier  falls  below  0  volts,  since 
the  AOS  is  unipolar. 

C.  Operational  Principles 

The  schematic  diagram  of  the  offset  module  is  shown  in  Figure  34, 
with  the  components  listed  in  Table  XIII.  The  preliminary  gain  ampli¬ 
fier  ( OAl )  is  an  Analog  Devices  153k,  which  has  very  low  voltage  and 
current  noise  specifications  (1  pV  and  10  pA  p-p) .  Hence,  a  gain  of 
100  on  a  small  signal  is  not  overridden  by  background  noise. 

The  summing  amplifier  (0A2)  is  a  National  Semiconductor  LM741CN 
amplifier  in  the  inverting  configuration  with  a  gain  of  -1  for  the 
signal  from  OAl,  and  adjustable  gains  for  both  of  the  offset  circuits. 

The  comparators  (0A3A,  0A3B)  are  each  one-half  of  a  dual  741-type 
amplifier  (National  Semiconductor  4458N  dual  op  amp).  As  long  as  the 
output  of  OA2  is  between  0  volts  and  "top  of  scale,"  the  outputs  of 
both  comparators  are  at  negative  saturation.  Consequentially,  the 
bases  of  Q1  and  Q2  (3140SK  PNP  transistors,  RCA)  are  negative  with 
respect  to  their  emitters,  and  the  transistors  are  switched  "on." 

Their  collectors  are  thus  poised  at  0  volts.  This  potential  is  fed 
into  an  input  of  IC1A  and  IC1B  (both  NAND  gates)  respectively.  This 
sets  the  outputs  of  IC1A  and  IC1B  constantly  high,  and  no  signals  are 
sent  to  the  AOS. 

When  the  signal  from  the  summing  amplifier  exceeds  the  set  "top  of 
scale,"  0A3A  switches  to  positive  saturation.  This  raises  the  poten¬ 
tial  of  the  base  of  Q1  above  the  emitter,  and  the  transistor  does  not 
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Table  XIII.  Components  Used  in  the  Circuit  in  Figure  34. 

ResiiBtors: 

All  fixed  resistors,  unless  otherwise  noted,  are  metal  film,  1/4  W,  1% 
tolerance. 

Rl,  R2 ,  R5,  R7 ,  R21,  R22,  R24,  R26,  R27  -  10  Kft. 

R3  -  100  Kft. 

R4  -  1.0  Mft. 

R6,  R19,  R25  -  5  Kft. 

R8,  R9,  R12 ,  R13  -  27  Kft,  2%. 

RIO,  Rll,  R14 ,  R15 ,  R17  -  1  Kft,  carbon,  1/4  W,  5%. 

R16  -  10  K ft,  carbon,  1/4  W,  3%. 

R18,  R28  -  25  ft. 

R20  -  5.8  Kft. 

R23  -  59  Kft. 

R29  -  200  Kft. 

R30  -  50  Kft,  22  turn  trimpot. 

PI,  P3  -  20  Kft,  ten-turn  potentiometer,  0.5%  linearity. 

P2  -  1  Kft,  ten-turn  potentiometer,  0.5%  linearity. 


Capacitors : 

All  capacitors  are  mica,  10%  tolerance. 
Cl  -  0.01  UF. 

C2  -  0.02  UF. 


C3  -  10  pF. 
C4  -  5  pF. 
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Integrated  Circuits: 

0A1  -  153  K  low  noise  operational  amplifier  (Analog  Devices). 

0A2,  0A4,  0A5,  0A6  -  LM741CN  General  purpose  operational  amplifier 
(National  Semiconductor). 

0A3  -  4558N  dual  general  purpose  operational  amplifier  (National 
Semiconductor) 

ICl  -  7400  Quad  2-input  NAND  gate  (Texas  Instruments). 

IC2  -  NE555P  Timer  (Texas  Instruments). 

IC3  -  74193  Binary  4-bit  up/down  counter  (Texas  Instruments). 

IC4  -  AD561  10-bit  digital-to-analog  converter  (Analog  Devices). 
Ql,  Q2  -  3140  SK  PNP  transistor  (RCA). 


IC2  is  a 


conduct.  The  input  to  IC1A  from  Q1  is  then  +  5V,  or  "high." 

555  timer  configured  to  strobe  between  0  and  +5  volts  at  approximately 
40  KHz.  When  IC2  goes  "high,"  the  output  of  IC1A  goes  "low,"  pulsing 
the  "up  count"  input  of  IC3,  a  four-bit  binary  up/down  counter.  This 
pulse  then  adds  one  bit  to  the  output  word,  which  in  turn  feeds  into 
the  four  most  significant  bits  of  IC4,  a  10-bit  digital-to-analog 
converter  (Analog  Devices  AD561) .  The  potential  from  IC4  through  0A4 
is  proportional  to  the  digital  input,  so  each  count  "up"  from  IC3 
raises  the  potential  by  1/16  of  the  maximum  output.  This  potential  is 
then  fed  back  into  0A2  through  resistor  R18  and  potentiometer  P2,  which 
can  be  adjusted  to  subtract  a  potential  of  one  "full-scale"  in  the 
output  of  0A2.  The  procedure  for  adding  a  "full-scale"  potential  in 

the  event  of  the  output  of  OA2  falling  below  C  volts  is  identical, 

% 

involving  OA3B,  Q2,  1C1B,  and  the  "down  count"  input  of  1C3. 

IC4,  the  digital-to-analog  converter,  has  one  other  function.  The 
output  of  Pin2,  when  fed  into  0A5 ,  is  a  very  stable  reference  voltage, 
its  magnitude  dependent  on  R21  and  R20.  This  voltage  is  first  fed 
through  R21  and  PI  to  ground,  and  PI  is  tapped  to  provide  the  "top  of 
scale"  potential  for  0A3A.  The  "top  of  scale"  potential  must  be  equal 
to  or  higher  than  the  "full  scale"  offset  set  by  P2.  If  this  condition 
is  not  met,  then  the  feedback  loop  can  be  unstable  and  cycle  through 
the  15  available  offsets.  For  a  second  reason,  it  is  sometimes  advan¬ 
tageous  to  have  the  "full  scale"  potential  slightly  less  than  the  "top 
of  scale."  If  a  noisy  signal  is  poised  close  to  an  offset  point,  and 
the  "full  scale"  and  "top  of  scale"  potentials  are  essentially  equal, 
then  the  module  may  rapidly  add  and  subtract  offsets  according  to  the 


197 


noise  on  top  of  the  signal.  Lowering  the  "full  scale"  offset  creates  a 
small  dead  band  which  could  prevent  this  from  happening. 

The  output  of  0A5  is  also  inverted  by  0A6,  and  this  output  is  fed 
through  P3  into  the  inverting  input  of  0A2 .  This  provides  a  constant 
offset  to  be  canceled  by  the  AOS,  enabling  the  user  to  set  a  negative 
non-zero  offset  for  0  volts  input.  In  case  the  input  signal  then  falls 
below  0  volts,  a  full-scale  offset  could  be  added  by  the  AOS.  If  this 
were  not  the  case,  the  word  "0"  from  IC3  would  be  decremented  to  "13," 
subtracting  15  full  scale  offsets  at  the  clock  frequency,  and  will  then 
recycle  through  the  15  offsets  until  the  input  signal  again  exceeds  0 
volts. 

Not  shown  in  the  circuit  diagram  is  a  BCD-to-7-segment-display 
decoder  chip  (7447)  and  corresponding  7-segment  display.  These  are 

■v 

connected  to  the  output  of  IC3,  in  order  to  show  the  user  how  many 
offsets  out  of  the  15  have  been  used. 

D.  Application 

The  circuit  is  shown  in  use  in  Figure  35,  where  a  synthesized 
signal  (from  a  Wavetek  Model  112  function  generator)  is  shown  on  the 
lower  trace  and  the  output  of  the  offset  module  (with  a  first  stage 
gain  of  1)  on  the  upper  trace.  For  clarity  of  illustration,  the  pen 
retracing  the  full-scale  effects  is  not  shown,  although  vertical  lines 
would  normally  appear  where  offsets  occur. 

The  precision  of  an  offset  point  was  determined  using  an  Analog 
Devices  AD2700  voltage  reference  source,  a  Leeds  and  Northrup  K-3 
potentiometer,  and  a  Fluke  Model  8800A  5-1/2  digit  multimeter.  A  20  mV 
signal  was  applied  with  a  gain  of  100  on  the  preliminary  amplifier,  and 
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Figure  35.  Operation  of  the  Automatic  Offset  Module. 

Input  to  module,  triangular  and  sine  waves,  approximately  0.05  Hz, 

2.5  V.  amplitude,  centered  at  1.5  V.  above  common. 

Top  tracer  Output  of  offset  module.  Where  pen  has  retraced  full  scale 
erased  for  clarity  of  display. 

Bottom  trace:  Input  to  offset  module. 


the  input  slowly  varied  until  the  offset  was  triggered.  The  standard 
deviation  of  the  offset  point  (measured  at  the  input)  was  0.02%  (N“ll), 
both  for  an  addition  and  subtraction  of  an  offset.  This  is  better  than 
the  specified  precision  of  the  Fluke  multimeter  at  a  20  mV  input. 
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